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1GENERAL INTRODUCTION
The term ’synapse* (Sherrington, 1.897) refers to 
that junctional region where functional contact is made 
between two neurones, or between a neurone and its 
effector cell (e.g. muscle or secretory cell). It is now 
well established that, with the exception of but a few 
synapses, the response of the postsynaptic cell to the 
arrival of a nerve action potential at the presynaptic 
nerve terminal is induced by the release of a chemical 
transmitter substance from the nerve terminal (cf. the 
review by Eccles, 1964). This chemical transmitter acts 
by combining with receptors on the postsynaptic membrane 
to produce a transient permeability change in the 
membrane. At excitatory synapses this permeability 
change results in a brief depolarisation of the post­
synaptic cell which, if sufficiently great, may exceed 
a threshold value, and result in a propogated response 
in the postsynaptic cell. This transient change in 
postsynaptic membrane potential in response to an action 
potential in the presynaptic nerve terminal has been 
termed the excitatory postsynaptic potential, or for 
neuromuscular synapses, the endplate potential (e.p.p.).
In 1950, Fatt and Katz, recording intracellularly 
from the frog neuromuscular synapse, detected small
2potentials of fairly uniform amplitude (approximately 
1 to 2 mV) appearing at apparently random intervals. In 
form and polarity, these potentials were similar to the 
endplate potential evoked by acetylcholine (ACh), the 
chemical transmitter for this synapse. These small 
potentials, termed miniature endplate potentials 
(m.e.p.p.s) (Fatt and Katz, 1950)> were shown to be due 
to the release of multimolecular 'packets’ or 'quanta' 
of ACh from the nerve terminal (Fatt and Katz, 1952).
The importance of this observation was that the e.p.p. 
produced by nerve stimulation can be fractionated into 
units identical in all respects with m.e.p.p.s. This 
was shown (Fatt and Katz, 1952) by reducing the calcium 
concentration [Ca] and/or increasing the magnesium 
concentration [Mg] of the bathing solution. Such 
procedures can greatly reduce the transmitter release 
evoked by the nerve action potential, and it was noted 
that the fluctuations observed in the amplitudes of 
e.p.p.s evoked by nerve stimulation occurred in steps 
identical in size to m.e.p.p.s. Single unit responses, 
entirely similar to m.e.p.p.s, could be obtained with 
sufficiently marked changes in the [Ca] or [Mg] of
bathing solution.
3Since 1952, this quantal nature of transmitter 
release has been found at all chemically transmitting 
synapses so far examined for this phenomenon, e.g. spinal 
motoneurones (Katz and Miledi, 1963; Kuno, 1964; Hubbard,
Stenhouse and Eccles, 1967; Blankenship, 1968; Blankenship 
and Kuno, 1968), twitch fibres of mammalian and avian 
skeletal muscle (Boyd and Martin, 1956a; Brooks, 1956; 
Liley, 1956b; Elmqvist, Johns and Thesleff, I960;
Ginsborg, i960), slow fibres of frogs (Burke, 1957)> 
birds (Ginsborg, i960) and mammals (Hess and Pilar, 1963), 
mammalian smooth muscle (Burnstock and Holman, 1962, 
1962a), invertebrate muscle (Dudel and Kuffler, 1961; 
Usherwood, 1963) and autonomic ganglia (Blackman,
Ginsborg and Ray, 1963; Martin and Pilar, 1964), and 
the process appears to be a universal feature of the 
release of transmitter from such synapses.
A feature similarly characteristic of chemically 
transmitting synapses is the observation on electron- 
micrographs, of small rounded profiles, of diameter 
approximately 300 to 600A , in the presynaptic cytoplasm, 
the ’synaptic vesicles’. These synaptic vesicles were 
first observed (Palay, 1954; Palade, 1954; de Robertis 
and Bennett, 1954, 1955) shortly after the discovery of 
the quantal nature of transmitter release, and provided
ka ready anatomical correlate for this form of quantal 
transmitter release. In the mid-1950,s, a fundamental 
hypothesis relating to the storage and release of 
transmitter at chemically transmitting synapses was 
outlined (del Castillo and Katz, 195^d> 1955» 1956).
It was proposed that the synaptic vesicles represent 
quanta of the transmitter substance; that these vesicles 
undergo random collisions with the presynaptic membrane; 
and that if collision occurs with an appropriate ’active* 
site, release of the contents of the vesicle into the 
synaptic cleft occurred. In view of the profound effects 
of Ca on the number of quanta released by the nerve 
impulse, it was suggested that activation of the membrane 
sites may be due to the presence of Ca at that site, the 
effect of the nerve action potential being to greatly 
increase the number of these sites, hence transiently 
greatly accelerating the normal rate of spontaneous 
transmitter release.
Since this hypothesis was proposed, much research 
has been undertaken, the overall result of which has been 
to support the general concepts of del Castillo and Katz. 
For example, the groups of de Robertis and Whittaker, 
applying cell fractionation procedures to brain tissue, 
have found that the transmitter substances ACh and
5noradrenaline appear to be associated with, the cell 
fraction containing synaptic vesicles (de Robertis,
Arnaiz, Salganicoff and de Iraldi, 1963; Whittaker, 
Michaelson and Kirkland, 1964; Zieher and de Robertis,
1964); Liley (1956) has found that nerve terminal 
depolarisation produces a logarithmic increase in 
spontaneous transmitter release rate, this acceleration 
being of the general magnitude that would explain the 
release evoked by the nerve action potential; and that 
this depolarisation-induced acceleration of release is 
inhibited by raised magnesium concentration or lowered 
calcium concentration, as would be expected from the 
effects of these ions on release evoked by the nerve 
action potential; furthermore this depolarisation-induced 
acceleration in release may be due to Ca entry, for Hodgkin 
and Keynes (1957) have demonstrated that both the nerve 
action potential and nerve terminal depolarisation
increase Ca influx at the squid giant axon.v )Uld cxp;-a
The present investigations have been directed atthe general ■ - ^  1>)tential;
further assessing the mechanisms of storage and release 
of the chemical transmitter at synapses. A mammalian
' 1 \ ) C  O  -< “ Jneuromuscular synapse, that of the in vitro rat phrenic
nerve-diaphragm preparation (Bulbring, 1946), has been
• .-a conc:;i -hen
studied in all experiments. A neuromuscular synapse has
,, \ •. • 1: - ’ ,4. bo tii- 'A'
C  i a Oi -
6a particular advantage in the study of transmitter release 
in the relative ease with which release can usually be 
quantitatively assessed, by recording the resulting 
potential changes at the postsynaptic muscle cell.
In Section 1, the relationship between synaptic 
vesicles, and transmitter storage and quantization, is 
investigated. This is done by comparing the effects on 
synaptic vesicles as seen by electronmicroscopy, and on 
transmitter release recorded as m.e.p.p.s and e.p.p.s, 
of induced variations in nerve terminal transmitter 
release rates and storage. Results supporting the role 
of synaptic vesicles as transmitter quanta are reported.
In Section 2, a quantitative study of the effects 
of Ca and Mg on spontaneous and evoked transmitter 
release is made. By comparison of the results obtained 
for each form of release, a mechanism by which these ions 
act in transmitter release, and by which the nerve action 
potential accelerates release, is proposed. The ability 
of this scheme to quantitatively explain the effects of 
these ions is demonstrated.
In Section 3> the action of potassium (k ) on 
transmitter release is investigated. The effects of this 
ion on spontaneous release are explicable by its effect 
on the nerve terminal resting potential. However the
7effects on evoked release differ quantitatively from the 
effects of current-induced changes in resting potential.
It appears that potassium has an action in evoked 
transmitter release which is separate from its action on 
nerve terminal resting potential.
In Section 4, some further insight into the 
transmitter release process is obtained by studying the 
effects of temperature variation on the various parameters 
of transmitter release. In brief, both spontaneous and 
evoked transmitter release have a complex relationship 
with temperature, but show certain similarities in these 
relationships. The relationship of quantal content with 
temperature is largely determined by the similar relation­
ship of the release probability, p, with temperature.
The readily available transmitter, n, and transmitter 
mobilisation are both increased by temperature elevation. 
Both facilitation and post-tetanic potentiation (PTP) are 
increased in magnitude and duration by reduction in temper­
ature. The interpretation of these results is discussed.
In Section 5> the transmitter release mechanism is 
investigated by studying the statistical properties of 
the process of spontaneous quantal release. A long term 
regularity in the process, explicable on the assumption 
that release occurs only from a finite number of release 
sites, is reported.
8METHODS
A. Tissues
The rat hemidiaphragm - phrenic nerve preparation 
in vitro (Biilbring, 19^ -6) was used in all experiments.
The preparation was obtained from 150-250g male or 
female albino rats of the Wistar strain. The left 
hemidiaphragm and intrathoracic portion of the phrenic 
nerve were carefully dissected free under ether anaesthesia. 
The tissue was then trimmed to an approximately rectangular 
band formed by the left posterior quarter diaphragm, 
bearing the attached phrenic nerve.
B. Mounting of the preparation
A perspex chamber consisting of two compartments 
separated by a removable partition was used. The 
diaphragmatic part of the preparation was mounted in one 
compartment by pinning, with minimal tension, to balsa 
blocks set in the floor of the chamber. The phrenic nerve 
passed through a groove in the partition into the second 
compartment, where it lay on a pair of platinum stimulating 
electrodes. This compartment was filled with paraffin, the 
gap between nerve and groove in the partition being sealed
with silicone grease.
9C .____Solutions
The basic bathing solution had the following
composition (Gage and Hubbard, 196 6 ): Na+ , 1.62 x 10 ^M;
K + ,5 x 10“3M; Ca"+ ,2 x 10~3M; HCO^“ 2.4 x 10_2M; and glucose, 
_21.1 x 10 M. Except where stated, no osmotic compensation 
was made for added or withdrawn ions, as the usual method 
of compensation, withdrawal of Na (Liley, 1956; Hubbard,
1961) is known to influence the action of Ca on transmitter 
release (Gage and Quastel, 196 6 ; Rahamimoff and Colomo,
1967). Furthermore the changes were generally small and 
would have only small effects on the maintained spontaneous 
release rates (Hubbard, Jones and Landau, 1968) and little 
or no effect on evoked release (Furshpan, 1956; Gage and 
Hubbard, 1966a).
When using solutions of low [Ca ] and [Mg ], it is 
important to eliminate the effects of tissue Ca and Mg 
buffering in modifing the effective [Ca ] and |_Mg J of 
the solution about the nerve terminal. Assuming that 
transmitter release is related to the free [Ca+ + ] and 
[Mg++ ] rather than to total [Ca] and [Mg] in the solution, 
these effects may be largely overcome by buffering the 
[Ca+ + ] and [Mg++ ] to the required level using EDTA or 
EGTA (cf Portzehl, Caldwell and Ruegg, 1964; Hagiwara 
and Nakajima, 1966).
10
Using the appropriate formation constants for 
Ca+ + , Mg+ + and H + with EDTA and EGTA (Sillen and Martel,
1964), a recently introduced computer program (Perrin and 
Sayce, 1 9 6 7 ), was used to calculate the added C a , Mg and
EDTA or EGTA necessary to achieve a particular, buffered 
[Cah+] and [Mg+ + ]. Solutions based on such calculations 
were used whenever a bathing [Ca] and / or [Mg] of less
-4than 1 x 10 M was required.
When EDTA or EGTA was added to the bathing solution,
appropriate amounts of NaCl were omitted. As sodium
salts of EDTA and EGTA were used, there was no variation
in the total concentration of this ion. It is known
that two thirds of the chloride of this solution can be
replaced by nitrate ions without affecting m.e.p.p.
frequency (Gage and Quastei, 1 9 6 6 ; Elmqvist and Feldman,
196 6 ). The much smaller replacement of chloride ions by
EDTA or EGTA had no significant effect upon m.e.p.p.
frequency. Mean m.e.p.p. frequency from 50 junctions in
each of two diaphragms was determined in 3 different solution
each having a free [Cal+ ] of 2.5 x 10 '’m , but achieved by
-3combining respectively 1 , 10 and 20 x 10 M EDTA with
the various appropriate amounts of total calcium necessary 
to produce the required free calcium concentration. The 
respective frequencies recorded, 0 .7 7 » 0 . 6 1 and 0 .6 5 /sec.,
11
were not significantly different, indicating no direct 
effect of EDTA on transmitter release. Similar results 
were obtained for EGTA. The results also confirm that 
transmitter release is determined by ionic [Ca], for the 
total [Ca] of the above solutions differed markedly 
(from 5 x 1 0  to 1 x 10 "~M).
During an experiment, solutions were bubbled 
continuously with a gas mixture of 95 per cent 0^ and 
5 per cent C0o before being led to the bath through a 
thermostatically controlled glass heat exchanger (Adam, 
Hardwick and Spencer, 1954) at a rate of 1-5 ml min.
In particular, the flow rate for experiments in which 
the time course of responses was followed after a 
change in bathing solutions was 3-3^ ml min. At this 
flow rate, the change in bathing solutions was 95 per cent 
complete at 3 mins. The pH of the bubbled normal 
bathing solution flowing in the bath was 7-3-7»4.
The temperature of the solution in the bath was 
monitored continuously using a thermistor. Solutions 
were maintained at 33-34.5°C except in Section 1, where 
the experiments were performed at room temperature, and 
in Section 4, where the temperatures were as stated in
the text.
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Preparations were usually allowed to equilibrate 
with the bathing solution for 30-60 mins before recording. 
However, for experiments with solutions of [Ca], [Mg] 
or [K ] other than normal, the preparation was allowed 
to equilibrate for 2 hours with the solution before 
recording was commenced.
D. Recording techniques
E.p.p.s and m.e.p.p.s were normally recorded 
intracellularly, using glass microelectrodes filled with 
3M KC1, having tip resistances of 5-20 M q , and presumably 
tip diameters of less than 0.5jj. • The method of pulling 
and filling the electrodes has been previously described 
(Winsbury, 1956). Microelectrodes were mounted on a 
micromanipulator (Eccles, Fatt, Landgren and Winsbury,
195^) and inserted vertically into the preparation with 
the aid of a binocular dissecting microscope. The 
microelectrodes were generally inserted immediately 
adjacent to the fine intramuscular nerve branches, which 
were made prominent by transillumination of the preparation 
through the floor of the perspex bath. Anatomical and 
physiological studies (Hadju and Knox, 1950; Liley,
1956c) have shown the endplates to be clustered in this 
region.
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Signals recorded by the microelectrode were conducted 
through a chloride-coated silver wire to the grid of a 
cathode follower, then to a capacitively coupled 
preamplifier, and after further amplification, to an 
oscilloscope screen, from which they were photographed.
The indifferent electrode was a silver-silver chloride 
spiral set in a agar-saline gel inside a glass tube 
immersed in the bath solution. After entry of the 
microelectrode into the bathing solution, tip potentials 
were neutralised with a variable ’back-off’ voltage. On 
penetrating a muscle cell, resting membrane potential was 
continuously recorded after suitable D.C. amplification 
on a paper recorder, and a voltmeter.
In experiments in which the intervals between 
successive m.e.p.p.s were recorded, the output of 
the preamplifier was connected to a second amplifier, 
the gain of which was varied so that the amplified 
m.e.p.p.s triggered a Tektronix l6l pulse generator.
The O .2mS pulses of the generator were recorded 
continuously on magnetic tape. Intervals between 
m.e.p.p.s could then be determined from the magnetic 
tape record, by programming an IBM 360 computer to 
count the output of an oscillator which was gated by 
the pulses stored on the tape. The computer produced
A
C.R.O.
amplifier
amplifier
pulse generator counter
computer measurement 
of intervals between 
pulse generator output
output
on magnetic tape
continuous film record 
( 100-500 may'sec )  
of m.e.p.p.s. and 
pulse generator output 
used to correct 
punched card data
interval data on 
punched card output
B
Fig.l. Recording intervals between successive m.e.p.p.s. 
A. Schematic illustration of recording technique. B. 
Representative record showing m.e.p.p.s (upper trace), 
and corresponding pulse generator outputs (lower trace).
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punched data cards bearing the successive intervals 
between m.e.p.p.s. The accuracy of the system was 
limited by (i) the reliability of the triggering of the 
pulse generator by the amplified m.e.p.p.s, (ii) the 
constancy of the tape recorder speed and (iii) the 
frequency of the oscillator, and the length of the pulse 
generator output, which determine the minimum time unit 
which could be counted. Factors (ii) and (iii) were 
of negligible importance; experiments measuring the 
intervals between regular pulses showed the tape 
recorder speed to be constant to ~ 0.15 per cent, while 
with the frequency of the oscillator set at 10,000 Herz, 
and pulse duration at 0.2mS., intervals could be 
accurately counted in units of 0.3mS. The generation 
of pulses by the amplified m.e.p.p.s was monitored 
continuously on a second beam of the oscilloscope , so 
identifying m.e.p.p.s (or noise artefacts) successfully 
triggering the pulse generator (Andersen and Curtis, 1964). 
A continuous high speed filmed record was made, from 
which the interval data cards could be corrected for 
errors in pulse generator triggering. A diagram of the 
system, and typical filmed records are shown in Fig. 1.
It is difficult to detect as separate intracellularly 
recorded m.e.p.p.s less than 1.5~2mS apart, and no doubt
C R O
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Fig.2. Diagram of circuit used for focal nerve terminal 
depolarisation, while concurrently recording m.e.p.p.s. 
Both barrels of the microelectrode are extracellular.
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some pairs of m.e.p.p.s separated by these short intervals 
were counted as only one (larger) m.e.p.p. in the present 
investigations. This error may be overcome to some extent 
by recording m.e.p.p.s extracellularly, the faster rise 
time (Liley, 1956b) allowing better discrimination of short 
intervals. Some extracellular records of intervals between 
m.e.p.p.s were therefore made, using broad-tipped glass 
microelectrodes filled with 4M NaCl in agar.
In obtaining data on intervals between m.e.p.p.s 
resulting from the depolarisation of nerve terminals, 
double-barrelled glass microelectrodes with tip diameters 
of 10-20jji and filled with 4m NaCl were used, one barrel 
being used for focal extracellular recording of m.e.p.p.s, 
the second barrel being used to pass a local depolarising 
current. The circuit used is shown in Fig.2. The 
detection of extracellular m.e.p.p.s indicates that the 
recording electrode is within approximately 10-20|j from 
the endplate (del Castillo and Katz, 1956a). The 
advantages of this method were that extracellular 
m.e.p.p.s could be recorded (with the resulting better 
discrimination on short intervals), and that with such a 
focally situated depolarising source, only small currents 
were necessary to considerably increase transmitter release 
thus minimising trends in release rate due to depolarisation
16
of surrounding muscle cells and the subsequent 
extracellular accumulation of K (Tacheuchi and Tacheuchi, 
1961). It was found that currents of 0.3jjA were sufficient 
to produce a lü-fold increase in spontaneous transmitter 
release rates.
B„ Estimates of various parameters of transmitter release.
Variations in muscle resting potential, affect the 
amplitude of the e.p.p. or m.e.p p. resulting from the 
release of transmitter. Therefore e.p.p. amplitudes, 
and m.e.p.p.s, when their amplitudes were of interest, 
were routinely corrected for variations in muscle resting 
potential, A correction for the effects of non-linear 
summation (Martin, 1955) was also made. A transmitter 
equilibrium potential of -15mV was assumed (del Castillo 
and Katz, 195^b; Takeuchi and Takeuchi, i960) in which 
case the calculation was
A E « -15A ref____
0 E . -15-Aobs o
where A = corrected e.p.p. amplitude in mV,
A{) ss observed e.p.p. amplitude in mV,
E - resting potential, in mV, to which
A is corrected, o
and Boj,.s = resting potential at the time A^
was recorded,
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Estimation of quantal content was made by whichever 
of the three usual methods (see Martin, 1966) was
appropriate for the conditions of the particular
experiment. i . e •
(i) m = Ä /A e m
(ii) m = loge (N/no)
(iii) m = _ 2A V V
where m = mean quantal content,
Äe = mean e.p.p. amplitude,
m = mean m.e.p.p. amplitude,
Ve = variance of e.p.p. amplitude
N = number of stimuli,
and n = number of failures.o
Estimates of quantal content using method (iii) were 
sometimes complicated by trends in the amplitudes of a 
train of e.p.p.s. Such trends lead to an overestimate of 
e.p.p. amplitude variance, and so to underestimate of 
e.p.p. quantal content. This errpr was reduced by 
fitting a linear regression to that part of the train for 
which the trend in amplitudes was linear. The mean and 
variance of e.p.p. amplitudes from this regression was 
used to estimate quantal content and quantal size for this 
part of the data. Knowing quantal size, the quantal content
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of any e.p.p. in the train could then be calculated. An 
alternative method was to consider the train of e.p.p.s in 
successive overlapping groups of 10. A linear regression 
was fitted to each group, and the mean amplitude, variance, 
and hence quantal size for the group calculated. An 
overall estimate of quantal size was then made from the 
mean of the individual estimates. The quantal content of 
any particular e.p.p. in the train could then be 
determined.
When a representative estimate was required for e.p.p. 
quantal content in a bathing solution of particular 
composition, the mean quantal content at each of from 
6-l4 junctions in preparations bathed in that solution 
was determined. The overall arithmetic mean of these 
values was then taken as the required estimate.
When accurate quantitative data was required on the 
spontaneous transmitter release rates in bathing solutions 
of a particular composition, m.e.p.p. frequency at 50 
junctions in each of 2-5 diaphragms bathed in that 
particular solution was determined. The geometric means 
of the frequencies observed in each diaphragm were 
combined into an overall estimate of m.e.p.p. frequency 
for that solution. Geometric means were considered most 
appropriate as the distribution of the frequencies recorded 
was approximately log-normal.
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The parameters 1 n? and * p7 (Elmqvist and Quastel, 
1965a; Martin, 1966), which may represent respectively 
the store of transmitter readily available for release, 
and the probability of release for each quantum within 
the store, were estimated by recording the e.p.p.s 
resulting from a brief rapid tetanus applied to the 
phrenic nerve, and plotting each successive e.p.p. 
amplitude (ordinate) against the total transmitter (in 
units of e.p.p. amplitude) released by previous nerve 
impulses in the tetanus (Elmqvist and Quastel, 1965a). 
The essential principle in the analysis is that 
provided the frequency of stimulation is sufficiently 
rapid for mobilisation of transmitter into the readily 
available store to be negligible, transmitter release 
evoked by each successive impulse approaches zero as 
the transmitter that has been released approaches the 
total store initially available. An estimate of n 
is thus given by extrapolating that part of the plot 
where the release evoked by successive pulses is 
decreasing, to an intercept with the abscissa, this 
intercept being an estimate of n. The value of p may 
then be determined, being that fraction of n which 
was released by the first impulse. With decreasing,
20
accuracy, p may also be calculated for succeeding nerve 
impulses in the tetanus, being that fraction of the 
store not already released by previous impulses which is 
released by the stimulus under consideration. The value 
of p is of course in dimensionless units; n may be 
measured in units of muscle cell depolarisation 
induced, or if quantal size is known, n may be expressed 
in quanta. To guard against bias in extrapolating the 
plotted points, computer plotted graphs, with coded 
axis scales and identification, were used in making 
all estimates of n. Because of the variation in the 
detailed form of the plots, this procedure was found 
to give more consistent results than alternative methods 
of excluding bias, for example such as determining the 
abscissal intercept by extrapolating a calculated 
regression line fitted to the first five e.p.p.s of 
the plot.
F. Electronmicrographs
The electronmicrographs of nerve terminals subjected 
to the various experimental procedures described in 
Section 1 , Part 1 , were prepared by Miss S. Kwanbunbumpen. 
The technique has been described elsewhere (Hubbard and 
Kwanbunbumpen, 1968). Briefly the method was as follows. 
At the stated time (Section l), the diaphragm material
0.1 M
Figure 3« Electronmicrographs of the rat phrenic 
nerve-diaphragm synapse. A. Presynaptic membrane.
B. Synaptic cleft. C. Postsynaptic membrane.
D. Mitochondria. E. Synaptic vesicles. Note calibration
bars
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was fixed by placing it in ice-cold 3 per cent 
glutaraldehyde in phosphate buffer. After 10 mins in 
the fixative, small blocks of tissue were cut, and 
replaced in the fixative for a further 2 hours. The
oJO_S/\er< <C4> C o /<<  p k o ifk a .'te , & v f f e  r  , plek-Cecl -n
tissue was then dehydrated in a - graced- series—^# ice-cold 
one per cent osmium tetroxide in phosphate buffer for at 
least 2 hours. The tissue was then dehydrated in a 
graded series of ice-cold ethanol, and brought to room 
temperature in absolute ethanol. The blocks were 
embedded in Araldite. Sections were cut with an L.K.B. 
Ultramicrotome, stained with uranyl acetate and lead 
citrate on the grid, and examined in a Siemens Elmiskop 
electron microscope. The standard magnification was 40,000. 
The micrographs were subsequently enlarged 3 fold, 1cm 
on the final micrograph corresponding to 833 An
electronmicrograph at lower magnification, showing the 
typical nerve terminal structure, and a second micrograph 
representative of those used for determining synaptic 
vesicle volumes and numbers, are shown in Fig. 3*
The approximate time taken for fixation of the 
tissue after it had been placed in glutaraldehyde is of 
some importance in assessing the results of experiments 
reported in Section 1. An estimate of this time, 
calculated for endplates at half the maximum depth from
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the surface of the diaphragm is 2-3 mins. This value is 
obtained by taking 0.2-0.3mm. as the average thickness 
(d) of the diaphragm, K for glutaraIdehyde as O.36 
(Hopwood, 1963), and using the equation t-6o(d/K) (from 
Baker, i960) where t = time, in mins, for penetration of 
the fixative.
G • Estimation of synaptic vesicle volumes and numbers 
Vesicle volumes and numbers were determined by 
direct measurements from the micrographs. Only vesicles 
adjacent to the presynaptic membrane, in particular in 
that region less than 1666 & (2cm on the micrograph) 
from the membrane, were included in the observations.
If the synaptic vesicles are indeed related to 
transmitter release, vesicles in this region will 
presumably best reflect the relationship. Vesicles were 
accepted for volume and number counts only on the rigidly 
applied criteria that their limiting membrane was complete 
and distinct, and that their centre was homogenous, but 
not clear. However ’complex’ vesicles (Gray, 1961), 
with their characteristic darkly-staining membrane, were 
not included in the counts. Synaptic vesicle volumes 
were determined by measuring, from the photographic plates, 
the longest diameter, a, of each vesicle, and the 
diameter at right angles, b. The vesicle volume was
23
taken as the volume of a sphere whose central cross- 
sectional area was equal to the area of an ellipse of 
diameters a and b.
In any one experimental situation studied, a total 
of 1200 to 3500 vesicles, from 9 to 18 endplates, were 
counted and measured. Arithmetic means of vesicle 
volumes and numbers of vesicles were determined for 
each endplate examined in the preparation. The mean, 
and standard error of the mean, of these values were 
then calculated, and taken as the estimate of vesicle 
volume and number for that experiment. In determining 
significancelevels of differences in results induced 
by the various experimental procedures, the variance 
between endplates within the preparation, and, where 
appropriate, the variance between preparations under 
the same experimental conditions, was included in the
calculations.
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SECTION 1
STORAGE AND QUANTIZATION OF ACETYLCHOLINE
P ar t 1
Storage of Acetylcholine 
INTRODUCTION
The characteristic presence of small vesicles in 
the presynaptic nerve terminal of chemically transmitting 
synapses has led to the hypothesis that these synaptic 
vesicles represent stores of the synaptic transmitter 
substance (de Robertis and Bennett, 19555 del Castillo 
and Katz, 1955» 1956; Robertson, 1956). Much of the 
attraction of the hypothesis comes from the ready 
explanation it provides for the known ’packaged’ (i.e., 
quantal) nature of transmitter release (Fatt and Katz
1952).
The main experimental support for the hypothesis 
comes from analyses of the ACh distribution within 
intact nerve ending particles ('synaptosomes’ ;
Whittaker, Michaelson and Kirkland, 1964), isolated 
from homogenised brain cortex. When these synaptosomes
25
are ruptured, not all of their ACh is converted into 
the free form accessible to hydrolysis by 
cholinesterase. Some 50 per cent of it remains bound 
(Whittaker 1959» Whittaker, Michaelson and Kirkland,
1964) , and by centrifuging the disrupted preparation, 
it is possible to recover the bound form in a fraction 
containing vesicular structures, probably the synaptic 
vesicles (de Robertis, Arnaiz, Salganicoff and de 
Iraldi, 1963; Whittaker, Michaelson and Kirkland, 1964).
While this data provides significant support for 
the hypothesis of vesicles being transmitter storage 
sites, it must be treated with some caution. The 
tissue examined in these investigations had been 
extensively homogenised and disrupted over a period of 
several hours, during which time degenerative cellular 
changes must have occurred; and with the tissue studied, 
the proportion of vesicles originating from cholinergic 
synapses is unknown, although it may be of the order of 
15 per cent (Whittaker, 1965» Whittaker and Sheridan,
1965) » It is difficult to reject the possibility that 
the ACh of the vesicle fraction does not, for example, 
simply indicate cytoplasmic ACh passively absorbed into 
or onto the vesicles during the isolation and analytical
procedures.
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The drug hemicholinium No.3 (HC-3) has been shown 
to reduce the amount of ACh synthesised within nerve 
terminals (Macintosh, Birks and Sastry, 1963; Gardiner, 
J-957) f presumably by competing with choline at some 
stage in the process leading to its acetylation to form 
Ach. However cholinergic nerve terminals contain large 
preformed stores of ACh (Birks and Macintosh, I96I; 
Elmqvist and Quastel, 1963)» and the effect of HC-3 
upon transmitter release only becomes apparent after 
considerable depletion of these stores (Elmqvist and 
Quastel, 1963; Quastel and Curtis, 1963)*
With the rat diaphragm-phrenic nerve preparation, 
HC-3 induced ACh store depletion can be readily 
produced in a controlled manner by stimulation of the 
phrenic nerve, the ACh release and store depletion 
being monitored by intracellular recording of the 
postsynaptic e.p.p.s and m.e.p.p.s.
In the following experiments, a different assessment 
of the vesicle hypothesis of transmitter storage has 
been made by examining whether nerve terminal ACh 
depletion, produced in the above manner, was associated 
with any morphological changes in the nerve terminals 
(with particular reference to the synaptic vesicles),
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which either supported or questioned the vesicle 
hypothesis of transmitter storage.
RESULTS
Nerve terminals of rat diaphragm-phrenic nerve 
preparations have been examined electronmicroscopically 
after the following experimental procedures: prolonged
phrenic nerve stimulation; exposure to solutions
-5containing 1 x 10 M HC-3; prolonged nerve stimulation
-5in the presence of 1 x 10 M HC-3* The findings have 
been compared with results obtained for nerve terminals 
from tissue which had not been subjected to the above 
procedures.
Normal nerve terminals
Electron micrographs of endplates from diaphragms 
which had been soaked 1 hr (Table 1, diaphragm 1 (i)) 
or 2 hrs (Table 1, diaphragms 2, 3) in the normal 0^
and C0^ bubbled bathing solution were prepared. This 
was done in order to provide a baseline of normal 
morphology with which diaphragms exposed to modified 
conditions could be compared, and to provide an estimate 
of the variation in morphology from one preparation to another 
particularly with reference to the synaptic vesicles.
I16 , 7CubÄxio
Fis- 4- Synaptic vesicle volumes in preparations exposed 
to normal bathing solutions. A,B,C. Normalised 
histograms of synaptic vesicle volumes observed m  three 
separate preparations. D. Normalised histogram of 
volumes of all vesicles measured in preparations bathed 
in normal bathing solutions (but not subjected to nerve 
stimulation).
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Estimates of synaptic vesicle volumes, and numbers/^
and were made for each diaphragm ( see Methods) . The
results are shown in Table 1. Normalised histograms of
vesicle volumes for each diaphragm and an overall
histogram for all vesicles (over 5000) counted from the
three preparations, are shown in Figure 4. The vesicle
numbers, and the mean and distribution of their volumes,
varied only slightly from one preparation to another in
the normal bathing solution (Table 1, and Figure 4).
There was no evidence of regional variations in mean
vesicle volumes or vesicle numbers for endplates within
any one diaphragm. In agreement with Hubbard and
Kwanbunbumpen (1968), the time of exposure to the bathing
solution did not significantly affect vesicle numbers/jj. ,
nor was mean vesicle volume significantly affected by
the time of bathing (Table l). Indeed the small scatter
of the results obtained for the three diaphragms indicates
that, with the criteria defined in the Methods, mean
3vesicle numbers/p and mean vesicle volumes could be 
determined with considerable consistency and accuracy.
The shape of synaptic vesicles at a known 
excitatory synapse is of interest. Uchizono (1965) has 
suggested that differences in vesicle shape, at least
£ 400
I 200
short d io m e te rLong  d ia m e te r
lo n g  d ia m e te r
sho rt d ia m e te rLon g  d ia m e te r
lo n g  d ia m e te r
Fig. 5. The relation between long and short diameters 
of cross-sections of synaptic vesicles. A,B. From 
nerve terminals exposed to normal bathing solutions.
C ,D . From nerve terminals subjected to nerve 
stimulation (11.3/sec for 90 mins), while exposed to a 
bathing solution containing 1 x 10 M HC-3* For A,C, 
ordinates; short diameter of vesicle: abscissae; long
diameter of vesicle. For B ,D , ordinates; proportion 
of total vesicle population: abscissae; 1 - (short
diameter/long diameter).
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as observed after tissue fixation, may allow a 
morphological distinction between excitatory and 
inhibitory synapses. From the measurements of 
vesicles in control solutions in the present 
investigation, the 'elongation index' (ratio of average 
lengths of long versus short diameters) was 1.3> in­
close agreement with the value 1.2 obtained by Uchizono 
(1967) lor presumed excitatory synapses of cat 
cerebellum. This tendency to elongation is illustrated 
by Figure 5A, where groups of mean short diameters 
(ordinate) are plotted against the corresponding groups 
of mean long diameters (abscissa). The dashed line in 
Figure 5A. represents the expected line for sections of 
true spheres.
The deviation observed may be attributed to one of 
three possibilities: (i) it may reflect a true {re.. a~v^ r-c^ <je.J
deviation of vesicle shape, e.g., towards a 'disc',or 
'sausage', shape. (ii) it may be an artifact due to 
tissue compression while sectioning (Barton and Barton, 
1967)* Such an effect would produce an alignment of 
long vesicle diameters with the plane of sectioning.
A few micrographs were suggestive of such an effect; 
generally no such effect was discernible. (iii) such 
a deviation could arise by a simple random scatter of
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the shapes of individual vesicles about an overall 
spherical shape.
Some assessment of each possibility may be had 
by replotting the vesicle diameter data in the form of 
Figure 5B, which shows a normalised histogram of the 
values A, where A = l-( short diame ter-^long diameter).
Any particular spheroidal shape may be mathematically 
defined by a quadric function; the diameters of any 
plane section passing through the particular shape can 
be calculated (Sommerville, 193^ +)» Using an electronic
computer, long and short diameters for several thousand 
mathematically defined random sections through a 
spheroidal shape having the properties of (i), (ii), or
(iii) above were calculated, and theoretical forms for 
the histogram of Figure 5B determined. The curve 
plotted in Figure 5B, which is calculated for an 
elongation index of 1.3 due to possibility (iii) 
approximated the data much better than the curves for 
(i) and (ii), which were markedly more skewed to the 
right of the present results. This suggests that there 
was no overall trend of vesicle shape away from the 
spherical, as the slightly greater skewness of the data 
in Figure 5B beyond the theoretical curve is probably 
artifact due to compression in sectioning. Figures 5C and
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3D show corresponding curves based on observations from 
synapses where mean vesicle volume had fallen to 
approximately 35 per cent of the value for normal 
vesicles (see below). It is apparent that with the 
fall in vesicle volume, there was no tendency for the 
vesicles to collapse to a ’disc’ or 'sausage* shape.
Effects of nerve stimulation
After 1 hr's bathing in the normal bathing 
solution bubbled with 0^ and CO^, a diaphragm-phrenic 
nerve preparation was divided into two sections. One 
section (Table 1, diaphragm 1 (i)) was immediately 
fixed and prepared for electron microscopy. The other 
section, bearing the phrenic nerve insertion, was 
subjected to nerve stimulation at 11,3/sec. for 90 mins, 
while still bathed with the normal 0^ and CO^ bubbled 
solution.
With long periods of stimulation, even at low 
frequencies, the development of nerve conduction block 
is always a hazard (Krnjevic and Miledi, 1.958), and must 
have occurred in this preparation. However the following 
observations suggest that the majority of fibres 
continued conduction throughout the period of stimulation 
in the present experiment: muscle contraction was
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observed Tor the $0 mins of stimulation although it 
became progressively less vigorous; a microelectrode 
in the bathing solution recorded a negative-going field 
potential following each stimulus, at all times when 
placed near the surface of the preparation; and multiple 
microelectrode penetrations of muscle cells along the 
path of the phrenic nerve briefly recorded the presence 
of muscle action potentials, or e.p.p.s, in the majority 
of penetrations, even near the end of the stimulation 
period. (Usually muscle contraction displaced the 
microelectrode within the first or second stimulus after
Immediately following stimulation, the preparation 
was cut into two strips and placed in the fixing solution, 
one strip entering the solution 2 min^s after cessation 
of stimulation (Table 1, diaphragm 1 (ii) a), the other 
4 mins after the end of stimulation (Table 1, diaphragm 
1, (ii) b).
Electron microscopy of nerve terminals in the 
tissue placed in fixative 2 mins after stimulation showed 
several differences from the unstimulated portion of the 
diaphragm. The most obvious change, clearly present in 
7 of the 12 endplates examined, was a change in the 
mitochondrial distribution, the mitochondria appearing
33
to have migrated towards the nerve terminal membrane, 
forming a characteristic ’ring’ of mitochondria. No 
such mitochondrial distribution was seen, in any sections 
from non-stimulated nerve terminals, and the change 
appears to be a response associated with nerve stimulation. 
D’yachkova, Davydova and Yacobson (l962.) report a more 
regular alignment of mitochondria adjacent to the synaptic 
membrane of axon terminals from monkey cortical nerve 
cells, if the animal was sacrificed after prolonged 
preliminary excitation. However in the sections of the 
present investigation there was no evidence to suggest 
the membrane alignment of mitochondria was more 
pronounced adjacent to the synapse. in all 12 endplates 
sectioned, other mitochondrial changes were noted. In 
contrast to the mitochondria from non-stimulated preparations 
the mitochondria were swollen, with disorganisation of 
their internal structure, partial or complete disappearance 
of cristae, and the presence of agglutinated electron- 
dense material interspersed with relatively clear areas. 
Occasional mitochondria of normal appearance were also 
found. Swelling and internal disorganisation of nerve 
terminal mitochondria has been observed after 
activation of ACh release by exposure to high potassium 
concentrations (Birks, Huxley and Katz, I960;
0.3
A
Cub A X  107
Before stimulation
CubÄ X  10
2 mins after stimulation
Cub Ä X  10A  mins after stimulation
Fig. 6 . The effect of prolonged nerve stimulation on 
synaptic vesicle volume. A. Histogram of vesicle volumes 
in tissue from a preparation prior to nerve stimulation.
B. Histogram of vesicle volumes in tissue from the same 
preparation, placed in fixative 2 mins after completion of 
90 mins stimulation (ll.3/sec) of the phrenic nerve.
C. Histogram of vesicle volumes in tissue from the same 
preparation, placed in fixative 4 mins after completion of 
stimulation. All 3 histograms are normalised*
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Kwanbunbumpen, unpublished observations), and was also 
noted by D'yachkova et.al. (1962).
Synaptic vesicles were still plentiful in the region 
between mitochondria and presynaptic membrane. However 
there was a region of the terminal central to the 
mitochondria which was characterised by a general paucity 
of vesicles, and a generally fibrillary matrix.
'XDeterminations of vesicle numbers/)JJ and vesicle volumes 
were made as for the unstimulated diaphragms. As Table 1 
(diaphragm 1 (ii) a) shows, prolonged nerve stimulation 
at 11.3/sec. produced changes in both mean vesicle 
numbers, and mean vesicle volumes, there being a small 
but significant (p<O.Ol) increase in numbers and a highly 
significant (p<0.00l) fall in volume. The fall in mean 
vesicle volume is apparent when one compares the 
normalised histogram of the vesicle volumes in the 
unstimulated portion of the diaphragm (Figure 6a ) with 
the normalised histogram of volumes observed in the 
present endplates (Figure 6B). Plotting the vesicle 
diameter data in the manner of Figures 5A and 5B showed 
that no changes in vesicle shape had accompanied this 
change in vesicle volume.
The above changes observed in tissue entering the
4fixative 2 mins after cessation of stimulation were
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compared with findings from 9 endplates of tissue placed 
in the fixative 4 mins after stimulation ended. The 
mitochondria in all endplates were still generally 
swollen and still showed the disruption of their 
internal structure, however the changes appeared to be 
generally less marked than in the tissue fixed earlier. 
No endplate showed clearly the abnormality of 
mitochondrial distribution described earlier. Mean 
vesicle volume (Table 1, diaphragm 1 (ii) b) was still 
less (probably significant, p<0 ,0 5 ) than that observed 
in the control solution, but had increased (probably 
significant, p<0 .05) from the value found in the tissue 
fixed earlier, as shown by the histogram in Figure 6C. 
Mean vesicle numbers (Table 1, diaphragm 1 (ii) b) 
showed a marked and highly significant (p<0.00l) 
increase over the values observed in tissue fixed 
earlier (Table 1, diaphragm 1, (ii) a) and over control 
values for non-stimulated preparations. The magnitude 
of this increase is surprising particularly when the 
times of actual fixation of tissue (see Methods) are
Qconsidered. Vesicle numbers/ln of diaphragm (ii) a, 
which was fixed approximately 4-6 mins after 
stimulation, were little different from control values} 
yet vesicle numbers/d"^ for diaphragm (ii) b, fixed only
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2 mins later, have undergone a marked increase. It 
seems unlikely that numbers would be constant for 
something like 4-6 mins after stimulation, and then 
suddenly increase. Hubbard and Kwanbunbumpen (1968), 
using raised potassium concentrations, have shown that 
the effect of increased ACh release is to produce a 
fall in vesicle numbers. The most likely explanation 
of the present results would thus be that stimulation 
similarly produced a fall in vesicle numbers, from 
which there was a rapid recovery following cessation 
of stimulation, reaching normal levels at approximately 
4-6 minutes, and extending to an actual increase in 
numbers, as found 2 mins later. Such an overshoot in 
vesicle numbers might represent an explanation of the 
finding of de Robertis and Ferreira (1957) that 
stimulation at 100/sec. for 10 mins increased vesicle 
numbers while 10 mins stimulation at 400/sec. markedly 
reduced vesicle numbers. If the recovery of vesicle 
numbers were slower after the greater number of 
stimuli of the second procedure, or if there were small 
differences in the time taken to fix the tissue, their 
results could readily be accounted for.
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Control
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C u b Ä X  107
Cub Ä X  10HC-3 bathed
HC-3 bathed 2.5 mins after stimulation
Cub A X  10 7
Fig. 7 « The effect of prolonged nerve stimulation on
synaptic vesicle volume, in a preparation exposed to
1 x IO M HC-3- A. Histogram of synaptic vesicle volumes
observed in 3 preparations exposed to the normal bathing
solution. B. Histogram of synaptic vesicle volumes in
tissue from a preparation exposed to a solution containing 
- 51 x 10 M HC-3- C. Histogram of synaptic vesicle volumes 
in tissue from the same preparation placed in fixative 
2 - 5  mins after completion of 90 mins stimulation 
(11.3/sec) of the phrenic nerve. All 3 histograms are 
normalised.
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Effects of HC-3
A phrenic nerve-diaphragm preparation was bathed 
for 1 hr in the normal 0^ and CO^ bubbled bathing
solution, to which HC-3 had been added to a concentration
-5of 1 x 10 M. At the end of the hour, the preparation 
was divided into two parts, as for diaphragm 1 of Table 
1. The part containing only intramuscular portions of 
the phrenic nerve (Table 1, diaphragm 4 (i)) was fixed 
without prior stimulation, and electron micrographs of 
18 endplates prepared. These showed the nerve terminal 
morphology to be essentially normal; there were no 
apparent abnormalities of mitochondrial distribution 
or structure; the synaptic vesicles were of normal 
appearance, and there were no marked alterations in 
their distribution within the terminal. Mean vesicle 
volume was normal (Table 1, diaphragm 4 (i)), as can 
be seen by comparing the normalised histogram for all 
vesicles in control solutions (Figure 7A) with the 
histogram for vesicles examined after bathing in HC-3 
(Figure 8B). The parameters of vesicle shape were 
unchanged. There was, however, a highly significant
O(p<0.00l) fall in mean vesicle numbers/|iJ (Table l) , in 
qualitative agreement with the results obtained by Csillik 
and Joo (1967) for axons of the rat parietal cortex.
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Effects of nerve stimulation in the presence of HC-3
The inhibition of ACh synthesis at the rat phrenic 
nerve diaphragm synapse produced by HC-3 is not
-5complete, at least with concentrations of 1 x 10 M, 
and there is little depletion in nerve terminal ACh stores, 
or in quantal size, unless the transmitter release rate 
is considerably raised beyond the normal spontaneous 
release rate (Elmqvist and Quastel, 1963)* This 
increase may be achieved either by nerve stimulation, 
or by other manouveres such as increased potassium 
concentration in the bathing solution.
In order to assess nerve terminal morphology 
after marked depletion of ACh stores, the remaining 
part of the HC-3 bathed diaphragm, bearing the phrenic 
nerve (Table 1, diaphragm 4 (ii)), was bathed in the 
same HC-3 containing solution, but subjected to nerve 
stimulation at 11.3/sec. for 90 mins. Transmitter 
output per impulse steadily declined, and after about 
23 mins of stimulation, the muscle endplate potentials 
had become subthreshold, as indicated by the general 
disappearance in muscle contraction (although some 
slight scattered contractions occurred through the 
experiment, probably due to occasional impulses passing 
along nerve fibres with predominant nerve conduction
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failure). For the remainder of the experiment, the 
effectiveness of nerve conduction could be monitored 
by repeated penetrations of muscle fibres, sampling 
them for the presence of endplate potentials. The 
proportion of penetrations at which endplate potentials 
were found fell through the experiment, but shortly 
before the end of the stimulation period, endplate 
potentials were still recorded from approximately 70 
per cent of penetrations. At this stage, the endplate 
potentials were generally very small (of the order of 
0.3 to 1.5 mV) indicating marked depletion of the 
terminal transmitter stores (Elmqvist and Quastel, 1965)*
A further check of the effectiveness of the nerve 
stimulation in producing store depletion was made. Before 
commencing stimulation, microelectrode penetrations of 
20 muscle cells were made in the region where m.e.p.p.s 
are most readily recorded (i.e,, immediately alongside 
intramuscular branches of the phrenic nerve). M.e.p.p.s 
were clearly observed at 19 of the 20 penetrations.
Twenty similar penetrations were made during the last 
10 mins of nerve stimulation. No m.e.p.p.s were found. 
Quantal size had presumably fallen to such an extent that 
m.e.p.p.s were no longer distinguishable above the 
baseline noise, suggesting that the nerve terminal ACh
4o
stores had fallen to less than 10 per cent of their 
normal level. (Elmqvist and Quastel, 1965)* Tissue 
from the preparation was placed in fixative 2.75 mins after 
cessation of stimulation, and electron micrographs from 
9 endplates were subsequently examined. The effects of 
stimulation were again observed. In 4 of the 9 endplates 
the ring-like mitochondrial distribution was clearly 
present and the mitochondria at all endplates were swollen, 
with disordered internal structure. The central areas, 
characterised by a fibrillary matrix and a general 
paucity of vesicles were again present. Scattered 
electron-dense granules of approximately 100 A° diameter, 
noted occasionally in stimulated preparations in normal 
solutions, were more apparent in this preparation.
Despite a probable 90 per cent depletion in ACh 
stores, synaptic vesicles were observed without difficulty. 
However, counts of vesicle numbers showed that nerve 
stimulation in the presence of HC-3 had produced a marked 
and highly significant fall in vesicle numbers (Table l), 
the numbers being reduced not only from the counts in 
control solutions (p<0.00l), but also being much reduced 
from the values obtained for tissue in HC-3 without 
nerve stimulation (p<0.00l).
kl
Measurements of vesicle volumes showed an 
interesting and previously unreported effect of the 
ACh store depletion induced by nerve stimulation in the 
presence of HC-3* Mean vesicle volume had fallen to 
approximately 57 per cent of the mean volume in control 
solution. This fall in volume is highly significant 
(p<0.00l), and is clearly apparent in the normalised 
histogram of vesicle volumes shown in Figure 7C* As 
observed earlier (Figures 5C> 5^)> there was no change in
vesicle shape accompanying the volume change.
Vesicle 'concentration'
The results of the foregoing experiments may b
used to estimate the total vesicle content per unit
volume in the region of nerve terminal from which the
foregoing measurements have been made, by multiplying
mean vesicle volume by the observed vesicle numbers per
3|j . The results for each experiment, expressed as the 
proportion of tissue volume that is vesicle, are entered 
in Table 1. They show that by far the greatest fall 
in presynaptic vesicle content occurred in the
preparation stimulated in the presence of HC-3*
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DISCUSSION
Before any physiological significance is attached 
to the foregoing results, it is necessary to exclude 
that the results could simply be an artifact of the 
methods used for assessing vesicle numbers and volumes. 
For example, in counting and measuring vesicle profiles, 
there were occasional profiles about which one had some 
indecision in either rejecting or accepting into the 
count, even on the rigidly applied criteria defined in 
the Methods. However any contribution of subconscious 
bias or inconsistency in these decisions can be excluded 
as the measurements were made from randomly arranged 
unlabelled micrographs pooled from the various 
experimental conditions examined. Also the consistency 
of the results obtained from control preparations 
indicates any subjective variations in these decisions 
were of decidedly minor importance.
There are several other errors that may arise in 
determining vesicle volumes and numbers. One is that 
it is difficult to distinguish small vesicles (e.g., 
of diameter less than l^oH), from non-specific electron- 
dense granules on the micrographs, leading to an 
underestimate of mean vesicle numbers, and an 
overestimate of volumes. The histograms of vesicle
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volumes (Figures 4, 6, 7) suggest the only situation where
this error may have occurred to a significant extent is 
with tissue stimulated while bathed in HC-3 containing 
solution (Figure 7C). If one assumes that, with the fall 
in mean vesicle volume, the proportion of vesicles less 
than the modal vesicle volume remained constant, the 
contribution of this error can be estimated. In control 
preparations, approximately 53 per cent of vesicles were 
of volume less than the mode; in the HC-3/stimulated 
preparation (Figure ), histograms of small bin size 
showed only about 40 per cent of vesicles counted were 
of volume less than the mode, suggesting approximately 
10 per cent of the vesicle population in this experiment 
had not been counted, presumably as their diameters 
were somewhat less than 150.S. Hence recorded vesicle 
numbers for this preparation may be too low by about 
10 per cent; mean vesicle volume may be an overestimate 
by about 10 per cent or less.
A further error, affecting observed vesicle 
numbers and volumes, arises from the inclusion in the 
tissue sections examined of profiles of vesicles whose 
centres were outside but not more than one radius away 
from the sectioning planes. The effective thickness of 
tissue sections, used in Table 1 for the determination
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of vesicle number/p' , is thus T + 2R, where T is the 
thickness of the tissue section (700-^ )» and R is the 
mean vesicle radius observed (in the particular 
experimental conditions). The effect on vesicle 
volumes occurs because the full (central) diameter of 
sectioned vesicles whose centre lay outside the tissue 
examined in the mocrograph, are not seen, so producing 
an underestimate of the true mean diameter for the 
vesicles in the section. T/(T + 2R) vesicles will be 
seen in full profile, and 2R/(t + 2R) vesicles only in 
part profile. If OD is the mean observed diameter, and 
D the true mean vesicle diameter.
T . D D . S
OD = ___ _ + ____  .... ( 1.1)
T + D T + D
where S is the mean observed diameter of the profiles 
of vesicles whose centre is outside the tissue section. 
For a distribution of spheres through which a random 
section is made, the relationship between the harmonic 
mean of the observed diameters (S^) at the plane of 
section, and the arithmetic mean sphere diameter, is 
D = S^/2 (Kendall and Moran, 1963)« Using as an
approximation the relationship S^~0.8 S observed for the 
overall distribution of vesicle diameters, and
3
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substituting 2 D/ 0.8 ^ for S .in 1.1 gives 
D T 4 D
OD T + 0.8 D
Equation 1.2 shows that the observed mean diameter
approximately 8 per cent underestimate of true vesicle 
diameter. Similarly, the estimates of volume would be 
about 20-25 per cent too low. Because of the 
approximations in the correction, the results in Table 
1 were not corrected for this error. As can be seen 
from 1.2, the only other effect of this error is that 
the observed experimental changes in vesicle diameter 
(and volume) tend to slightly underestimate the true 
changes in vesicle diameter.
Finally, an error, affecting mainly the estimates 
of vesicle number/(~L , could arise through slight 
variations in thickness (normally 700X) of* the tissue 
sections examined. That this is a negligibly small 
factor is suggested by the consistency of the results 
obtained from the three control preparations in the 
present investigation, and by the similar consistency 
in results from several diaphragms in each of a number
Table 1) in the normal bathing may be an
of experimental conditions in a previous investigation,
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which used the same apparatus and methods of tissue 
sectioning (Hubbard and Kwanbunbumpen, 1968).
It is clear then, from the above considerations, 
that the changes in vesicle numbers and volumes 
observed in the various experimental conditions were 
produced as a direct result of these conditions. As 
such, these results provide strong support for the 
hypothesis that the synaptic vesicles at cholinergic 
synapses represent stores of the transmitter substance 
ACh.
Most significantly, exposure to HC-3> which inhibits 
ACh synthesis, produced a small fall in synaptic vesicle 
numbers (Table 1, diaphragm 4 (i)); nerve stimulation, 
a procedure which greatly increases the fall in ACh 
content produced by HC-3 (Birks and Macintosh, I96I; 
Elmqvist and Quastel, 1965) caused much greater falls in 
vesicle numbers, and also caused a marked reduction in 
vesicle volume (Table 1, diaphragm 4 (ii)).
Furthermore nerve stimulation, which by increasing
ACh release rates would be expected to lower steady state
ACh levels in the nerve terminal, produced a fall in
vesicle volume; and the relationship of synaptic vesicle
l+ — b (o- %numbers in tissue fixed at an estimated $ mins, and 7f 
mins, after stimulation suggests that stimulation is
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probably also accompanied by a fall in vesicle numbers. 
Such an effect would be in agreement with the results 
of Hubbard and Kwanbunbumpen (1968), who found that the 
increased ACh release rates produced by bathing 
solutions containing raised |_K] were accompanied by a 
fall in the synaptic vesicle numbers.
The possibility that the vesicle volume changes 
accompanying nerve stimulation are an artifact unrelated 
to nerve terminal ACh storage appears most unlikely in 
view of the marked effect of HC-3 on the degree to which 
stimulation affects vesicle volume. Also, there is 
separate evidence suggesting the fall in vesicle volume 
represents a fall in the vesicle ACh content (Part 2, 
this Section).
The factors determining vesicle volume and numbers 
are unknown. The various interrelationships between 
volume and number changes observed in the present 
results appear to be most simply explained by assuming 
that the vesicle formation rate is controlled by the 
rate of ACh production, observed vesicle numbers 
representing a balance between their production, and 
transmitter release rates; and that the volumes of the 
vesicles are determined by the nerve terminal ACh 
content at the time of their production. However such
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a scheme is largely conjectural, and must await further 
experiments aimed more specifically at determining 
these relationships. One possible mechanism by which 
variation in terminal ACh content could result in an 
altered vesicle volume is suggested by the results of 
Marchbanks (1968), which indicate that the ACh in 
synaptic vesicles is probably osmotically active. 
Marchbanks suggests that ACh may be actively deposited 
within the vesicles; and/or that the vesicle membrane 
may be otherwise impermeable to ACh. On this hypothesis, 
vesicle volume would be osmotically determined, at 
least in part, by the ACh content within the vesicle.
There is little data relating to synaptic vesicle 
production, although there are various hypotheses 
regarding their site of synthesis, e.g., endoplasmic 
reticulum (Palay, 1958), Golgi complex (van Breemen, 
Anderson and Reger, 1958), mitochondria (D'yachkova 
et.al., 1962; see also Birks, Huxley and Katz, i960),
and neurotubules (de Robertis, 1967)* The present 
results tentatively support the oriented release from 
mitochondria postulated by D’yachkova et.al. When,
with nerve stimulation, the mitochondria have moved 
peripherally, synaptic vesicles are in general seen
only in the region extending from mitochondria to nerve
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terminal membrane. In nerve terminals of the cat cuneate 
nucleus, showing a similar mitochondrial alignment 
towards the membrane, synaptic vesicles were also 
restricted to the region between mitochondria and the 
nerve membrane (see Figure 4, Walberg, 1966).
The causes of the mitochondrial changes are unknown.
Mitochondrial movement, observed only in the stimulated
nerve terminals, was toward the cell membrane in
general, rather than towards the synaptic cleft,
suggesting a possible chemotactic or electrokinetic
effect related to the nerve action potential. Alternatively
the position changes may be an effect of enhanced
axoplasmic flow (Weiss and Hiscoe, 1948). Similar
morphological changes to those produced by nerve
stimulation are observed at the proximal stump after
axonal transection; mitochondria are aligned peripherally,
and the central area contains a scattered network of
filaments (Weiss and Pillai, 1965)* Furthermore, the
22rate of axonal flow of Na has been shown to be increased 
by nerve stimulation (Akcasu and Salafsky, 1967)«
However both movement, and swelling, are mitochondrial 
changes seen commonly in high activity or stressed states 
(Rouiller, i960), and the mitochondrial changes observed
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with nerve stimulation may represent non-specific 
effects due only to the high activity so induced.
Part 2
Quantization of Acetylcholine 
INTRODUCTION
In the foregoing investigation, it has been shown 
that changes in both synaptic vesicle volumes and 
numbers may be produced by experimental procedures which 
modify the ACh content of the nerve terminal. It is 
well established that, at chemically transmitting 
synapses, release of the transmitter occurs in discrete 
quanta, each containing a large number of transmitter 
molecules (Katz and Miledi, 1965» Martin, 1966). An 
explanation for this phenomenon is afforded by the 
so-called 'vesicle hypothesis', which equates the unit 
of quantal release with the synaptic vesicle (del Castillo 
and Katz, 1955» 1956; Robertson, 1956). On the basis of 
this vesicle hypothesis, the results of the investigation 
reported in Part 1, this Section, may be used to provide 
the following predictions:
(l) If the small fall in vesicle volumes produced 
by stimulation alone, and the larger fall in
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(2)
volume produced by stimulation in the presence 
oh HC-3» indeed represent decreases in vesicle 
ACh content, there should be corresponding 
falls in quantal size, the greater fall 
occurring in the presence of HC-3*
The time course of recovery of vesicle volume 
following stimulation is of the order of 7-10 
mins. Mean vesicle volumes are considerably 
less than control at approximately 4-6 mins 
post-stimulation, but have almost returned to 
control values at approximately 6-8 mins (Table l). 
Under similar conditions any depression in 
quantum size should have a similar time course 
of recovery. (The decrease in vesicle numbers 
observed in stimulated HC-3 soaked endplates 
supports the suggestion that nerve stimulation 
primarily causes a reduction in vesicle numbers, 
and suggests that recovery of ACh stores occurs 
more slowly in the presence of HC-3* It might 
therefore be expected that the recovery of 
quantum size after stimulation in the presence 
of HC-3 may be slower than the recovery from 
any depression occurring in the absence of
HC-3)•
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(3) It has been suggested that quantal release occurs 
upon the appropriate random collision of a 
vesicle with a membrane bound receptor molecule, 
whose activity is modified by calcium (del Castillo 
and Katz, 195^ -) • The increase in vesicle numbers 
observed in preparations entering the fixative 2 
and 4 mins after cessation of stimulation might 
thus lead to increases in the number of quanta 
released by testing nerve impulses in this post­
stimulation period. (However, even on the vesicle 
hypothesis, the population of vesicle able to 
undergo effective collision may be a specific 
one, not significantly related to the general 
vesicle population counted in the present 
investigation) .
Experiments have been performed, using intracellular 
recording from rat diaphragm-phrenic nerve preparations, 
to test these predictions of the vesicle hypothesis.
E.p.p. and m.e.p.p. amplitudes were used to indicate 
quantal size, since changes in postsynaptic sensitivity 
to presynaptically released ACh, due to nerve stimulation, 
can be excluded. Otsuka, Endo and Nonomura (1962), 
using rat diaphragm-phrenic nerve preparations at room 
temperature, have shown that even frequencies of
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Fig. 8 . The effect of prolonged nerve stimulation on 
quantal size. The horizontal lines represent mean e.p.p. 
amplitude (upper scale) and mean quantal size (lower scale) 
determined from groups of 15 e.p.p.s which were evoked at 
0 .125/sec during the times indicated by the unbroken 
sections of the lines. At the first vertical line, the 
stimulus frequency was increased to ll/sec. Stimulation 
ceased at the second vertical line. The points represent 
mean e.p.p. amplitude (open squares, upper scale) and 
quantal size (dotted circles, lower scale) determined from 
40 e.p.p.s recorded at the times shown (abscissa). Quantal 
size was calculated by the variance method. Note the 
break in the abscissal scale.
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stimulation considerably higher than those used in the 
present investigation are without effect on post- 
synaptic ACh sensitivity.
RESULTS
The effect of nerve stimulation on quanta! size
The mean amplitude, and its variance, for a train 
of e.p.p.s may be used to estimate quantal size (see 
Methods). In the experiment in Figure 8, the horizontal 
lines show mean e.p.p. amplitdue (upper scale) and mean 
quantal size (lower scale) determined in this manner 
from e.p.p.s evoked at 10 sec. intervals at the times 
indicated by the unbroken sections of the lines. There 
was no trend in e.p.p. amplitudes during either 
recording period. The vertical bars mark the beginning 
and end of a 20 min. period of nerve stimulation at 
ll/sec. The plotted points show the mean amplitude of 
60 e.p.p.s (upper scale), and quantal size, estimated 
from their variance (lower scale), as stimulation 
proceeded. While most of the fall in e.p.p. amplitude 
is clearly from an effect on e.p.p. quantal content, the 
quantal size estimates generally lie below the control 
level, suggesting that prolonged nerve stimulation does 
indeed produce a fall in quantal size, as predicted by
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Fig. 9» The effect of prolonged nerve stimulation on 
m.e.p.p. amplitude. Each point represents the mean amplitude 
of 40 m.e.p.p.s. At the first vertical broken line, phrenic 
nerve stimulation, at 20/sec, was commenced. Stimulation 
ceased at the second broken line. Muscle contraction was 
blocked, and e.p.p. quantal content reduced, by raising 
the osmotic pressure of the bathing solution to 600 
milliosmoles by the addition of sucrose. Abscissa: time,
in mins, after commencing stimulation. Ordinate: 
m.e.p.p. amplitude expressed as a percentage of the mean 
amplitude of m.e.p.p.s recorded before commencing 
stimulation.
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the vesicle hypothesis. (The result is not due to a 
relatively greater contribution of baseline noise to 
observed e.p.p. variance; such an effect would 
increase quantal size estimates (see Methods)).
However, because of the large scatter in the quantal 
size determinations, no firm conclusions were drawn, 
and further experiments were performed, in which m.e.p.p. 
amplitude was used as an index of quantal size.
In the experiment illustrated in Figure 9> m.e.p.p. 
amplitudes were recorded from a single muscle fibre 
before, during 23*8 mins nerve stimulation at 20/sec., 
and for several mins after. Each point on the graph 
represents the mean amplitude of 40 m.e.p.p.s. Muscle 
contraction was blocked by raising the osmotic pressure 
of the bathing solution to 600 milliosmoles with 
sucrose. This procedure allows the recording of muscle 
action potentials, e.p.p.s, and m.e.p.p.s in the one 
preparation (Hubbard, Jones and Landau, 1968). Figure 9 
confirms the indications of the previous experiment, 
showing that in agreement with the vesicle hypothesis, 
stimulation produced a small fall in quantal size, with 
a fairly rapid recovery, possibly over a period of a
few minutes.
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Figure 10. The recovery of m.e.p.p. amplitude following
30 mins phrenic nerve stimulation at 11.3/secs. The 
results of three separate experiments are shown. In each 
experiment, a muscle cell was penetrated momentarily 
before completion of nerve stimulation, and m.e.p.p.s 
recorded for several mins. Each point plots the mean 
amplitude of 20 - 40 m.e.p.p.s recorded at the time 
shown following the end of stimulation. Abscissa: time
in mins after cessation of stimulation. Ordinate: 
m.e.p.p. amplitude, expressed as a percentage of the 
mean amplitude of all m.e.p.p.s recorded 8 mins or more 
after stimulation, in that particular experiment. The 
inset shows in corresponding symbols, a plot of the 
m.e.p.p. frequencies (ordinate) at various times after 
cessation of stimulation (abscissa) for each of the three 
experiments.
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Evoked quantal release rates are decreased in 
solutions of raised osmotic pressure (Hubbard, Jones and 
Landau, 1968). Therefore to exclude that the effect may 
have been an artifact of raised osmotic pressure, or 
may have been minimised by the lower quantal releases 
rates, a different type of experiment was performed.
A diaphragm-phrenic nerve preparation, bathed with the 
normal solution, was stimulated at 11,3/sec. for 30 
mins. At 30 mins, a microelectrode was inserted into 
a muscle cell, momentarily recording the presence of 
muscle action potentials or e.p.p.s, indicating effective 
nerve conduction to that endplate. Stimulation was 
immediately stopped. If at this stage the microelectrode 
had not been displaced from the cell by muscle contraction, 
m.e.p.p. amplitudes were recorded over the ensuing 
minutes. The results of three such experiments are 
shown in Figure 10. In all 3 experiments, there was a 
progressive increase in m.e.p.p. amplitudes. M.e.p.p. 
amplitudes (expressed as a percentage of the mean 
amplitude of m.e.p.p.s observed after 8 mins, ordinate), 
have been plotted against the time since cessation of 
stimulation (abscissa). Each point represents the mean 
amplitude of at least 10, and usually 20 to 60, m.e.p.p.s. 
The line of Figure 10 is fitted by eye. The results
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Fig. 11. The recovery of m.e.p.p amplitude following
30 mins nerve stimulation at 11.3/sec in the presence 
-5of 1 x 10 M HC-3» Each point represents the mean 
amplitude of 20 - 40 m.e.p.p.s recorded from a junction 
at various times after completion of the nerve stimulation. 
Abscissa: time in mins since cessation of stimulation.
Ordinate: m.e.p.p. amplitude, expressed as a percentage
of the mean amplitude of m.e.p.p.s. recorded 3^ mins 
after stimulation ended.
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confirm the findings of Figure 9* i.e., that at least at
frequencies of 11.3/sec. or higher, prolonged nerve 
stimulation is accompanied by a fall in quantal size, 
recorded as m.e.p.p.s. The results of Figure 10 also show 
the time for recovery of quantal size after stimulation 
was approximately 7-8 mins. As the inset in Figure 10 
shows, there was also a potentiation of m.e.p.p. frequency 
at each of the three junctions following the nerve 
stimulation, which decayed monotonically in an 
approximately exponential manner over a period of a 
few mins.
The marked reduction in quantal size produced by 
nerve stimulation in the presence of HC-3 has already 
been documented (Elmqvist and Quastel, 1965» G-age, 1966), 
and agrees well with the predictions of the vesicle 
hypothesis. The same effect was observed with the 
present preparation, using a stimulation frequency of 
11.3/sec. Figure 11 shows the recovery of m.e.p.p. 
amplitude following one such experiment, in which 30 
mins nerve stimulation in the presence of HC-3 had 
reduced m.e.p.p. amplitudes to baseline noise level.
The points in Figure 11 represent the mean amplitudes of 
groups of 20-30 m.e.p.p.s. Each point is plotted as 
a percentage of the mean m.e.p.p. amplitude at 3^- mins
57
(ordinate), against the time at which the observation 
was made (abscissa). The line is drawn by eye.
M.e.p.p.s were too small to be accurately measured in 
the first 3 mins after stimulation.
The third prediction, that the increasing synaptic 
vesicle numbers at approximately 5~7 mins after 
stimulation may be accompanied by similarly increasing 
quantal content of testing e.p.p.s was tested in 4 
separate experiments as follows. Control e.p.p. 
amplitudes were recorded from an endplate in a rat 
diaphragm-phrenic nerve preparation bathed in the 
normal solution, to which (+)-tubocurarine (2 x 10 )
had been added to block muscle contraction. The phrenic 
nerve was then stimulated at 11.3/sec. for 3^ mins, the 
maintainanee of nerve conduction being monitored by the 
resulting e.p.p.s. The nerve stimulation was then 
stopped, and the amplitudes of e.p.p.s evoked by testing 
nerve stimuli at 1 min. intervals were recorded. In two 
of the experiments, tetani of 40 pulses at 25/sec. 
rather than individual stimuli, used to assess e.p.p. 
amplitude before, and at the 1 min. intervals after, 
nerve stimulation.
All four experiments gave qualitatively similar 
results; a representative experiment is illustrated in
Fig. 12. Changed in evoked transmitter release after 
30 mins phrenic nerve stimulation at 11.3/sec. The start 
and end of the stimulation period is indicated in each 
graph by the vertical dashed lines. In each case, the 
abscissal scale shows the time in mins after completion 
of stimulation. A shows the recovery of e.p.p. amplitude 
towards control levels. B shows the same data after 
correction, from Fig. 10, for post-stimulation changes 
in quantal size. C shows estimates of p at various times 
after the end of nerve stimulation. D shows estimates of 
n at various times following stimulation. To make the 
changes in n representative of changes in the quantal 
content of the readily available store, correction for 
variation in quantal size has been made from the data 
of Fig. 10. Fbr determination of the experimental 
results, see text.
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Figure 12. Testing e.p.p, amplitudes following 
stimulation were considerably below the control levels, 
recovery towards control occurring slowly over a period 
of some 15 mins (Figure 12a ). This depression in response 
following prolonged stimulation (a total of approximately 
20,000 stimuli) presumably represents depletion of some 
factor important in transmitter release, and contrasts 
with the potentiation of response following tetani of 
fewer, more rapidly applied stimuli (Liley and North,
1953)» The effect of the reduction in quantal size 
produced by nerve stimulation was unable to explain the 
observed depression. As Figure 12B shows, e.p.p. amplitudes, 
corrected for quantal size changed by using factors 
derived from the line in Figure 10, were still depressed, 
and still showed an upward trend towards the control 
amplitudes. However an initial flatness in the recovery 
process is now apparent, possibly representing the 
combination of a decaying process of potentiation 
superimposed on a slower recovery process (Hubbard,
1963)« The data was further analysed by computing 
estimates of ’ p’ and ’ n ’ (see Methods) from the short 
tetani given at 1 min. intervals in two of the 
experiments. Similar results were obtained for each 
set of data. As Figure 12C shows, ’ p’ was essentially
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constant, although in both experiments there was a 
suggestion of an initially higher ’p ’ than that 
subsequently maintained. Such a change in T p T is 
found during post-tetanic potentiation (Liley and 
North, 1953)» and probably explains the initial flatness 
of the recovery curve for e.p.p. amplitude (Figure 12).
As shown in Figure 12D, and found for both experiments, 
the depression in e.p.p. amplitude was however, clearly due 
to a depression in ’ n ’ (which) has been corrected from 
Figure 10 for quantal size changes), which correspondingly 
recovered slowly towards control levels over many minutes.
This slow recovery of ’ n ’ is interesting in view 
of the m.e.p.p. frequency changes following similar 
prolonged nerve stimulation (Figure 10, inset), there 
being no slow increase in frequency corresponding to this 
increasing ’n ’, thus suggesting that ’n ’ may be a factor 
without effect on spontaneous transmitter release rates.
DISCUSSION
While the investigations of de Robertis, Whittaker 
and others, and also the preceding investigation, have 
provided evidence that at cholinergic synapses, synaptic 
vesicles represent stores of the transmitter substance,
ACh, there has been no direct evidence for the more
6 o
specific 'vesicle hypothesis', that synaptic vesicles 
actually represent the mechanism by which transmitter 
release is 'quantized'.
The present results provide evidence strongly 
supporting this 'vesicle hypothesis'. In agreement with 
the hypothesis, the small fall in synaptic vesicle 
volume produced by prolonged nerve stimulation has been 
found to be accompanied by a small fall in quantal size 
(Figures 8, 9» 10,); the fall in vesicle volume is much
greater if HC-3 is present during stimulation, and 
similarly the fall in quantal size after this procedure 
is much greater (Figure ll). Furthermore the recovery of 
synaptic vesicle volume after nerve stimulation had a 
time course of about 7-10 mins, a closely similar time 
course to that observed for recovery of quantal size 
(Figure 10); and recovery of quantal size following 
stimulation in the presence of HC-3 had a much slower 
time course, as was tentatively predicted from the slow 
recovery of vesicle numbers after nerve stimulation in 
the presence of HC-3*
The relationship between synaptic vesicle numbers 
and quanta of transmitter available for release is less 
clear. At a time when synaptic vesicle numbers are 
increasing following prolonged nerve stimulation, the
6.1
amount of transmitter released by testing nerve impulses 
is also increasing (Figure 12a ). Analysis of test tetani 
showed this increasing transmitter release was due to an 
increase in the parameter ’ n’ (Figure 12D), suggested by 
Elmqvist and Quastel (1965a) to be a measure of the 
transmitter readily available for release. To this 
extent the data supports the concept that the numbers of 
synaptic vesicles adjacent to the presynaptic membrane 
modify transmitter release, and are identifiable with 
the parameter ’n*.
However there is a serious quantitative discrepancy, 
for although both synaptic vesicle numbers and 'n' can 
be shown to be increasing in the minutes following 
prolonged nerve stimulation, vesicle numbers are at this 
time increased highly significantly beyond control 
levels, while at the same time, ’n* and the quanta evoked 
by a testing nerve impulse are markedly below control 
levels. One explanation of this discrepancy is that ’ n* 
does represent the store of readily releasable transmitter 
quanta, but that these are not identifiable with the 
population of vesicles counted in the present 
investigation. However it is to be noted that !n ’ as 
determined by Elmqvist and Quastel (1965a)» and in the 
present investigation, is only a measure of the amount 
of one, or a number, of substrates utilised in the
6 2
process of transmitter release, and may be only partly 
related, or indeed completely unrelated to the number 
of transmitter quanta available for release.
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SECTION 2
EFFECTS OF Ca AND Mg ON THE ACETYLCHOLINE 
RELEASE MECHANISM
INTRODUCTION
The marked effect of Ca on the release of 
transmitter at motor nerve terminals has long been 
recognised (e.g., Feng, 1936; Cowan, 1940, Coppee,
1943; Kuffler, 1944; Fatt and Katz, 1952). Increasing 
bathing L^a] increases, while reducing bathing [Ca] 
decreases, the amount of transmitter released by nerve 
impulses. Indeed after removal of Ca from the bathing 
solution, evoked transmitter release ceases, and can be 
rapidly restored by electrophoresis of Ca from a focally 
situated microelectrode (Katz and Miledi, 1965a; Miledi 
and Slater, 1966). As the reduction in output is not 
due simply to impaired propagation of the nerve 
impulse into the fine branches of the nerve terminal 
(Hubbard and Schmidt, 1963; Katz and Miledi, 1965b; 
Miledi and Slater, 1966), a fundamental role of Ca in 
the release process appears likely. Ca also affects the 
rate of spontaneous transmitter release (Hubbard, 1961),
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a not unexpected finding on the hypothesis of Li.ley 
(1956) that the ACh release produced by the action 
potential represents a transient depolarisation“induced 
acceleration of the spontaneous release mechanism. 
However the relationship between spontaneous and evoked 
release is not simple. Changes in bathing [Ca] produce 
relatively smaller effects on spontaneous than on 
evoked transmitter release (cf. Hubbard, 1961, and 
Jenkinson, 1957)j and Mg (which opposes the effect of 
Ca on release induced by the nerve impulses) can 
eliminate evoked release at concentrations which leave 
spontaneous release little changed. Thus an effect of 
Ca (and Mg) on the degree by which the nerve action 
potential accelerates release is apparently also 
involved (del Castillo and Katz, 195^d; Liley 1956;
Katz and Miledi, 1967).
A quantitative analysis of the effects of Ca and 
Mg on spontaneous transmitter release (Part l) and 
evoked transmitter release (Part 2) has been made, in 
order to assess the likely mode of Ca and Mg action; 
and by comparison of the effects of the two cations on 
spontaneous and evoked release, to provide some insight 
into the mechanism by which the nerve action potential
increases transmitter release.
65
Part 1
Ca and Mg on Spontaneous Acetylcholine Release
INTRODUCTION
In investigating the effects of Ca and Mg on 
spontaneous transmitter release, data relevant to 
the following points has been sought:
What are the time courses of action of these ions 
on transmitter release? In particular, are the time 
courses of their effects on spontaneous release similar 
to time courses for their effects on evoked release, 
suggesting a common site of action in both forms of 
release? Do the time courses suggest a superficial 
(e.g., membrane), or rather an intracellular site of 
Ca action?
Secondly, there is at present uncertainty on the 
need for Ca in spontaneous transmitter release. The 
conclusion of the first investigation of the 
relationship between [Ca] and m.e.p.p. frequency was 
that there was a fraction of spontaneous release of 
transmitter which was unaffected by wide variations in 
[ca] or [Mg] (Hubbard, 1961). However the existence of 
such a fraction was denied by Elmqvist and Feldman (1965)» 
who found that after 6 hours in a solution without added
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-3Ca, but containing 1 X 10 M EDTA, m.e.p.p.s were found 
at very low frequencies, at only a small percentage of 
junctions. Clarification of this discrepancy is of 
importance in assessing just how fundamental is the role 
of Ca in transmitter release.
Thirdly, the most widely supported hypothesis 
concerning Ca action in transmitter release is that 
it acts by combining with an active molecule ’X' in 
the presynaptic membrane. This then allows ’X ’ to 
release a quantum of transmitter (del Castillo and Katz, 
1934). Such an hypothesis implies that Ca action 
should be describable by a kinetic treatment of the 
general receptor-substrate type formulation. A feature 
of such schemes is that as substrate concentration 
increases, the receptor approaches saturation point and 
further increases in substrate concentration are without 
significant effect. It was therefore of interest to see 
if such a scheme was able to explain quantitatively the 
effects of Ca and Mg on spontaneous transmitter release.
RESULTS
Time Courses of Ca and Mg Action
A series of experiments was performed in which 
m.e.p.p. frequencies before and after a change in bathing
Frequency
2 m M
6 0  min 70
Fig. 13 » Time course of the effect of Ca upon m.e.p.p. 
frequency. The results of two separate experiments 
are shown. The points representing mean m.e.p.p. 
frequency are placed in the centre of the time interval 
(horizontal line) during which the individual m.e.p.p. 
frequencies were sampled. Filled circles indicate 
frequencies measured successively in solutions 
containing 2 mM, 5 mM-Ca while open triangles indicate 
mean frequencies in the presence of 2, 0.1 and 2 mM-Ca. 
Vertical dashed lines indicate the changeover points.
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[Ca] were followed by rapid sampling of frequencies 
at many endplates in the preparation. The time for 
completion of the resulting changes in spontaneous release 
rate ranged from 10 to 30 mins. Representative results 
are shown in Figure 13* The changes following an increase 
in bathing [Ca] from 2 X 10 to 3 X 10 (first vertical
broken line, filled circles) took approximately 30 mins for
-3completion, with a similar time course on return to 2 X 10 M 
Ca (second vertical line). In a similar experiment (open 
squares) in which the test solution contained 1 X 10 
Ca the changes in m.e.p.p. frequency appeared to take 
approximately 13 mins for completion. With the bathing 
chamber and flow rates being used, changes in bathing 
solution were complete in approx. 3-4 mins (Gage, 1966).
The longer time course of Ca action may simply represent 
either delayed equilibration of general extracellular 
tissue Ca, or of Ca within the synaptic cleft.
Alternatively the slow time course may indicate that 
Ca’s active site is relatively inaccessible; e.g., 
intracellular.
Mambrini and Benoit (1964) reported that increasing 
[Ca] produced a decrease in m.e.p.p. amplitude, due to 
reduced postsynaptic sensitivity. The time course of 
m.e.p.p. amplitude changes following a change in [Ca] should
■15 m M  K-
— 2mM Co-1---------------- ----------- - -- 5 mM Co-
Fig. l 4 . The effect on m.e.p.p. frequency of changing 
from bathing solution containing 15 mM [k ] and 2 mM 
[Ca] to one containing 15 tnM [k ] and 5 m M  [Ca] „ The 
time at which bathing solutions were changed is 
indicated by the vertical broken line. Each horizontal 
bar plots the frequency of m.e.p.p.s recorded at the 
time indicated by the bar length. Abscissa: time in
mins following the change in bathing solutions.
Ordinate m.e.p.p. frequency.
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hence reflect the time course of changes in bathing [Ca] 
in modifying a membrane receptor molecule. Ten 
experiments were performed in which the mean m.e.p.p. 
amplitude and frequency was determined at a single endplate 
before and after a change in both [Ca]. As with the multiple 
sampling experiments, the frequency changes in single cells 
also took 10-30 mins. Unfortunately, it was found that 
the [Ca] induced changes in m.e.p.p. amplitude, in this 
preparation, were so small, even with ten-fold changes 
in [Ca], that no firm conclusion could be drawn regarding 
their time course.
In further attempting to localise the site of Ca 
action, several experiments were performed in which the 
effects of [_Ca] changes on m.e.p.p. frequency were followed 
on preparations bathed in high [k ]. The depolarisation 
resulting from the raised [k ] produces an increased 
membrane permeability to Ca (Hodgkin and Keynes, 1957)*
If the time course of Ca action were due to slow diffusion 
through the nerve terminal membrane to an intracellular 
site of action, such a procedure might shorten the observed 
time course. However, no such effect was found. The 
time courses in three experiments were well within the 
10-30 min. range observed at normal [k ]. The shortest
M e p p. 
A m p litud e  
100
M g 1 it iM
Frequency
6 5 '
Fig.15* Time course oF Mg action upon m.e.p.p. 
amplitude (a ) and frequency (ß) measured simultaneously 
at the same junction. In A the closed circles represent 
the mean amplitude of at least 50 m.e.p.p.s and are 
placed in the centre of the time interval (horizontal 
line) during which they were measured. In B the open 
circles represent mean m.e.p.p. frequency and are 
similarly placed in the centre of the time interval 
(horizontal line) over which they were measured. At 
the time indicated by the vertical dashed line the 
jMgj was changed from 1 to 6 m-moles/l.
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time course was 10-15 mins. (Figure 14; [Ca] changed from 
2 X 1 0 ~ V  to 5 X 10“\  in the presence of 1.5 X 10~2M K).
The time course of Mg action was investigated in a
similar range of experiments. The time for completion
of frequency changes following changes in [Mg] was
generally somewhat less than that observed for changes
in [Ca]. The general range was 5 mins (i.e., little
more than the changeover time of the bathing solution) to
15 mins. The effects of Mg on m.e.p.p. amplitude, as
expected (del Castillo and Katz, 195^) were more marked
than the effects of Ca; e.g., increasing [Mg] from
1 X 10 M to 6 X 10 "JM produced about 20 per cent
reduction in m.e.p.p. amplitude. Experiments recording
m.e.p.p. amplitude and frequency at a single endplate
during a change in [Mg] showed the effects of Mg on
m.e.p.p. amplitude and frequency were concurrent
(within the accuracy limits of the experiment). One such
experiment is shown in Figure 15 (m.e.p.p. amplitudes
upper scale, filled circles; and m.e.p.p. frequencies lower
scale, open circles) where the change in bathing [Mg] was 
-2 -2from 1 X 10 ^M to 6 X 10 ^M. This results suggests that 
the time for Mg action on spontaneous transmitter release 
can be accounted for by the time taken for equilibration 
of bathing [Mg] changes within the synaptic cleft, and for
Frequency
Mg Im MM g 3mM
Fig. 16. The effect on m.e.p.p. frequency of changing 
from a bathing solution containing 15 mM [k ] and 1 mM 
[Mg] to one containing 15 mM [k ] and 3 mM [A|g] and then 
returning to the original solution. The times at which 
bathing solutions were changed are indicated by the 
vertical broken lines. Each horizontal bar plots the 
frequency of m.e.p.p.s recorded at the time indicated 
by the bar length. Abscissa: time in mins following
the first change in bathing solutions.
Ordinate: m.e.p.p. frequency.
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membrane Mg binding. It is not surprising then that as 
shown in Figure 16 and as found for Ca, the presence of 
1.5 X 10 K in the bathing fluid did not significantly 
reduce time required for full development of Mg action.
Ca and Mg Dependence
Elmqvist and Feldman (1965) found that as [Ca] was
-3reduced by a solution with no added Ca, and 1 X 10 M 
EDTA, transmitter release rates fell in two phases ... an 
initial rapid phase of some 20 minutes and a later slow 
phase taking hours for completion. This second phase was 
not detected by Hubbard (1961). Neither was it observed in 
the experiments illustrated in Figure 17* In the 
experiment plotted with filled circles, a change (verticle
broken line) from the normal 2 X 10 "^M Ca, 1 X 10 "^M Mg
_7containing solution to one containing 10 M Ca and normal 
[Mg] was made. M.e.p.p. frequency fell for a period of 
30 minutes, after which there was no further change over a 
period of 7 hours. Similarly, in the experiment illustrated 
with open squares, for which the test solution contained 
only 10 M [Ca] (but also reduced osmotic pressure, see 
below), m.e.p.p. frequency fell during the first 30 minutes 
after changeover (verticle line) and remained stable for 
the ensuing 8 hours.
A B C
0.5 mV . W S » ' . * — «VW*
Frequency
,«v^ —
Fig.17. Mg acceleration of spontaneous release and the 
time course of m.e.p.p. frequency changes upon reduction 
of the bathing [CaJ to very low levels. A,B,C, show 
sample records of m.e.p.p.s, (a ) 1^ hr after soaking
in a solution containing 12.5 mM-Mg and 10 ^ M - C a ,  (b )
6 hr after soaking in a solution with 1 mM-Mg and 
10-^M-Ca and (c) 6 hr after soaking in a solution with
lO'^M-Mg, 10“°M-Ca and a reduced NaCl content so that 
the osmotic pressure was 201 m-osmoles. In D the full 
time course of the experiments is shown. The control 
solution in each case had 1 mM—Mg, 2 mM-Ca and an osmotic 
pressure of 358 m —osmoles (A,B) or 201 m—osmoles (c).
At the time 0, marked by the dashed vertical line, 
solutions were changed to the solution mentioned in A 
(open circles) or that mentioned in (b ) (filled circles) 
or that mentioned in C (open squares). Points indicate 
geometric mean frequencies and the bars indicate the 
time interval over which the frequencies at individual 
junctions were averaged. Note the logarithmic frequency 
scale (ordinate) and the change of scale (broken line) 
of the abscissa at 3 hr.
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It was decided to repeat the experiment of Elmqvist 
and Feldman, in which the test bathing solution contained 
no added Ca 1 X 10 Mg, and 1 X 10 ^M EDTA, for which 
the effective ! Ca] is approximately 10 M and [Mg], 10 M^. 
In the 2 preparations exposed to this solution for 8 hours, 
m.e.p.p.s were recorded from 90 per cent of the fibres 
penetrated (which is the normal percentage of 2mM [Ca]), 
their mean frequency being 0.67/sec. However, the test 
solution used in these two experiments differed from that 
of Elmqvist and Feldman in two particulars. The 
bicarbonate concentration was 2.4 X 10 M (theirs was 1.2
-2 vX 10 Mj and the solution contained added sucrose to 
bring the total osmotic pressure to 358m-osmoles. When 
sucrose was omitted from that test solution (osmotic 
pressure 328m-osmoles), the mean m.e.p.p. frequency at
6 hours exposure was 0.49/sec., and when in addition the
-2bicarbonate concentration was reduced to 1.2 X 10 M 
(osmotic pressure 300m-osmoles, pH 6.8) the mean frequency 
was 0.193/sec., which is of the order reported by Elmqvist 
and Feldman. Despite the low frequency it must be 
emphasised that the percentage of successful penetrations 
was still 90 per cent and there was never any difficulty 
in finding or recording m.e.p.p.s.
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The lowest mean frequency recorded was found in 
the experiment plotted in Figure 17» (open squares). The 
test solution osmotic pressure was 201m-osmoles. Mean 
m.e.p.p. frequency fell from 0 .981/sec. in the control
_  osolution (2 X 10 "'M Ca, osmotic pressure 201m-osmoles) 
to 0 .091/sec. within 30 mins of changing to a solution
-8 -3with 10 M-Ca and 10 M-Mg, and sampling showed this 
frequency was maintained thereafter for 8 hours. Although 
there was no difficulty in recording m.e.p.p.s in the 
experiment the finding suggests that the difference 
between the results of Elmqvist and Feldman (1965) and 
those of the present investigation could be due to the 
greater sensitivity to osmotic pressure of this 
preparation.
The above experiments then suggest that there is 
a fraction of transmitter release which is Ca 
independent and can be modified by osmotic pressure 
levels. The possibility remained that this Ca 
independent frequency may be maintained by the presence 
of Mg. This appeared unlikely, for a frequency of 
0 .67/sec., was recorded from preparations bathed in a 
solution containing no added Ca, no EDTA, but 1 X 10 M
Mg; the same m.e.p.p. frequency was also recorded in a
-8 -5solution containing 1 X 10 M Ca, and only 1 X 10 Mg.
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M.e.p.p. frequency was therefore examined in solutions
-3with no added Ca or Mg, in the presence of 1 X 10 M
EDTA, for which the estimated [Ca] is 10 and [Mg],
—810 M. An unexpected result was that in the absence of 
Mg, the preparation showed signs of gross deterioration. 
Membrane potentials after 4-6 hrs averaged 20-30 mV and 
it was difficult at this time to penetrate muscle fibres 
with micro-electrodes.
Amplitude histograms of m.e.p.p.s recorded from 
preparations after 4-6 hrs exposure to solutions with 
no added Mg or Ca showed that the mean amplitude was 
greatly reduced in parallel with the fall in membrane 
potential and the distribution of amplitudes was skewed 
to the left; that is, some fraction of the m.e.p.p.s 
was obscured by the base line noice. It could be 
concluded, however, that there was no fall in frequency 
for the mean frequency at nine junctions after 6 hrs 
was 0.73/sec., despite the abnormal amplitude histograms. 
This was not significantly different from the frequency 
found when Ca alone was omitted (O.67/sec.).
Ca and M.e.p.p. Frequency
The quantitative relationship between [Ca] and 
m.e.p.p. frequency was determined in the manner described 
in the Methods. The range of [Ca]’s investigated was
Frequency
Fig.18. Influence of [Ca] upon m.e.p.p. frequency.
The osmotic pressure of all the solutions was corrected 
to approximately the same value by the addition of 
sucrose. The points show the relationship between
frequency on linear scales. The bars 
cate - S.E. of the mean frequencies.
[C a J and
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-10 -210 M to 3 X 10 M. Ca was without significant effect
-4in concentrations less than 10 M, the frequency in
—  3this range being O.56- 0.7/sec., in 1 X 10 "FI Mg. However,
r i -4 -2as bathxng |_CaJ was raised from 10 to 10 M, m.e.p.p.
frequency also increased. This relationship between [Ca]
and m.e.p.p. frequency is shown in. Figure 18. In these
experiments, the osmotic pressure was maintained at 358m“
osmoles and the [Mg] was 10 JM. Similar results were
obtained from preparations bathed in solutions in which
the osmotic pressure varied with the amount of added Ca Cl^.
In further experiments it was possible to show that
the m.e.p.p. frequency was not significantly increased
by raising the bathing [Ca] above 10 ^M. For these
experiments, the bicarbonate concentration of the solution
had to be reduced to avoid precipitating Ca. As this
procedure altered the pH of the solution from 7*3 to 6,
the results are not therefore fully comparable with those
shown in Figure 18, and so have not been included. The
effect of raising the [Ca] beyond 1 X 10 %I was examined
by first recording m.e.p.p.s in the presence of 1 X 10
Ca and then recording again after changing to a solution
-2 -22 X 10 M Ca or 3 X 10 M Ca. No significant increase in 
frequency occurred within 30 mins of exposing preparations 
to the higher iCa]. Also the mean frequency found in four
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diaphragms in 1 X 10 Ca at pH 6, 4.04/sec., was not
significantly different from the frequency in the same 
[Ca] at pH 7*3» 5*ll/sec. Alteration of the solution from 
pH 7*3 to pH 6 would be expected to increase the ionisation 
of the bathing Ca from approximately 70 per cent to about 
99 per cent (Garrels and Thompson, 1962). As m.e.p.p. 
frequency is related to ionised [Ca], rather than total 
bathing [Ca] (see Methods), the test solutions at pH 6 
were effectively equivalent to concentrations of
l. 4 X 10~2M, 2.8 X 10"2M and 4.2 X 10_2M-Ca at pH 7-3*
It seems fair to conclude that the effect of Ca upon
m. e.p.p. frequency at pH 7*3 would not be significantly 
increased by raising the [Ca] from 1 X 10 2M to
4.2 X icT 2m .
Mg and M.e.p.p. Frequency
It is not possible to reduce greatly the ^Mg] of 
a solution by using EDTA or EGTA without also markedly 
reducing the [Ca]. Therefore the range of [Mg]'s 
examined, in solutions of normal [Ca], was kept to
-4 -21 X 10 M to 1.23 X 10 M. A marked effect of Mg on
»4spontaneous release in concentrations below 1 X 10 M 
appeared unlikely. The mean m.e.p.p. frequencies 
recorded from 2 preparations bathed in solutions
Frequency
mM U
Fig. 19° The relationship between bathing [Mg] and 
m.e.p.p. frequency. Each point represents the mean 
-  1 S.E. of m.e.p.p. frequencies recorded at 50 junctions 
in each of two or more preparations exposed to the 
particular bathing solution. In a, the osmotic pressure 
of all bathing solutions was maintained at 358 milliosmoles 
by appropriate addition of sucrose. In B, no sucrose 
was added, and the effect of [Mg] on m.e.p.p. frequency 
was determined in solutions containing [Ca]1s of 0.1 mM 
(dotted circles), 0.6 mM (filled circles), 2 mM (open 
squares), 3 mM (filled squares), and 8 nM (open triangles). 
For both a and B, abscissa: [Mg] in m M ; ordinate:
m.e.p.p. frequency.
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-3 -7 -5containing 10 M Mg and respectively 10 M Ca and 10 M
Ca, were 0.65/sec., and 0.67/sec. There values are not 
significantly different from the frequencies found 
solutions of [Ca], 10 M and [Mg], 10 M^.
The relationship between [Mg] and m.e.p.p. frequency
is shown in Figure 19A. The points of this figure indicate
_3the mean frequencies found in the presence of 2 X 10 M 
Ca and 0.1, 1, 3» 6, 9» and 12.5 X 10 ^M Mg. There was
a small but consistent reduction of m.e.p.p. frequency 
as the [Mg] was raised from 1 X 10 ^M to 6 X 10 "^M, 
beyond which the frequency increased again as the [Mg] 
increased, the difference between the mean frequencies 
found in 6 X 10 ~^M and 1.25 X 10 ^M Mg being significant 
at the 1 per cent level (t test). These results were 
obtained in experiments in which the osmotic pressure 
of all solutions was maintained in the same range by 
addition of sucrose. Similar results were obtained 
in an earlier series of experiments in which the 
variations in [Ca] and [Mg] were uncompensated (Figure 19B).
This effect of high concentrations of Mg in 
accelerating m.e.p.p. frequency has not previously been 
reported, and is somewhat surprising particularly as 
Mg in this high concentration range produced a marked 
reduction in the quantal content of e.p.p.s, (del
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Castillo and Katz, 1954; Boyd and Martin, 1956). It 
was therefore further investigated.
In one groups of experiments, the |_Ca] of the 
bathing solution was held at a low level with an EGTA 
buffer and the [Mg] varied. Osmotic pressures were 
maintained at358m-osmoles by appropriate sucrose
-3 -4addition. With 1 X 10 JM EGTA, 5 X 10 M Ca, and no 
added Mg, the effective concentrations of Ca and Mg 
were 10 /M and 10 ^M respectively (see Methods). The
mean frequency recorded in this solution was 0.88/sec.
-3Upon changing to a solution containing 1 X 10 M EGTA 
and 1.23 X 10 ^M added Mg (calculated effective 
concentrations; [Ca] 1 X 10 ^M, [Mg] 1.2 X 10 ^M), the 
mean frequency rose to 1,75/sec., within 20 mins. The 
experiment was repeated with 1 X 10 M EGTA and 5 X 10 ^M 
Ca, which produced the same effective concentrations of 
Ca and Mg, but at a higher EGTA concentration, the 
resultant mean frequencies were 0,7/sec., before addition 
of Mg and 1.69/sec., afterward. In both experiments the 
increase in frequency was not statistically significant 
because of the unusually large scatter of the individual 
frequencies. It was however, possible to follow the 
acceleration of frequency at individual junctions so 
that its reality may be assumed.
78
A second group of experiments was then designed 
to demonstrate this action conclusively and to exclude 
an. alternative explanation. This alternative 
explanation was that Mg might make Ca available, e.g., 
a caffeine-like action (Elmqvist and Feldman, 1965)*
Mg would then be expected to liberate Ca from tissue 
stores and after a transient acceleration of frequency 
that Ca would be removed by the EDTA buffer and the 
frequency would fall as in Figure 17 (closed circles), but 
more rapidly. Alternatively, if Mg had a specific 
excitant action the frequency would be set at a level 
determined by the [Mg].
It was found that when the bathing solution was 
changed (Figure 17» dashed vertical line) from the control 
solution (l X 10 "^M Mg, 2 X 10 ~^M Ca) to a solution with 
no added Ca (estimated [Ca]lO ^M), and 1.25 X 10 ^M 
Mg, the frequency fell transiently and then rose to and 
was maintained at the control level. After about 3 hrs 
a slow decline in frequency began but m.e.p.p.s were 
recorded at normal frequencies for up to 6 hrs after 
the change of solutions. The observations suggested
that as the I Mg] rose in the bath from 1 X 10 "^M to
-21.25 X 10 M, the frequency first fell then accelerated 
and was then maintained at levels within the normal
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range for a period longer than would suffice, in the
-"3 —7presence of 1 X 10 M Mg and 10 M- Ca (Figure 17» closed 
circles) to reduce m.e.p.p. frequency to very low levels.
DISCUSSION
The concurrent changes of m.e.p.p. amplitude and 
frequency over 5-15 mins following a. change in [Mg], 
and the 10-30 mins time for the full effect of \Ca.] 
changes upon m.e.p.p. frequency are compatible with 
surface actions of these ions, as previously assumed 
(Hubbard, 1961) , provided some subsidiary assumptions 
are made. The faster action of Mg required that Mg 
equilibrate with a smaller extracellular space, and/or 
that Mg ions penetrate more easily into this space.
The equilibration cannot be with the whole extracellular 
compartment of muscle for it is known that equilibration 
of Ca and Mg here takes some 30 mins (Gilbert and Fenn, 
1956; Gilbert, i960). Supporting evidence for a surface 
action of Ca comes from the failure of the depolarisation 
produced by raised IK] to shorten the time course; and from 
the results of Miledi and Slater (1966), who found that 
electrophoretically-applied Ca affected transmitter 
release when applied extracellularly while intracellular 
application was without effect.
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The experiments performed in the presence of very 
low [Ca]’ s produced by EDTA or EG-TA addition to the 
bathing solution did not support the hypothesis of 
Elmqvist and Feldman that Ca is an essential factor in 
the normal process of spontaneous transmitter release« 
On the contrary, there was a resting release rate 
(about 0.6-0.7 m.e.p .p ./sec.) which was essentially 
unaffected by [Ca]' s below 10 or [Mg]' s below 10 "^ M. 
The simplest explanation of this Ca and Mg independent 
release, on the scheme of del Castillo and Katz (l95^+) 
would be that their hypothetical Ca - receptor 
molecule ’X ’ does not have an absolute requirement of 
Ca for activity; rather combination of Ca with ’X ’ 
acts to increase a pre-existing activity. The finding 
that increasing [Ca] beyond 1 X 10 produced little 
further effect on m.e.p.p. frequency was in keeping 
with the saturation effect expected for a substrate- 
receptor type reaction as envisaged by del Castillo and 
Katz. To assess the ability of such a reaction type to 
explain quantitatively the foregoing results, a rate 
equation for the general reaction system of this type
was derived.
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For the general System, i.e.,
Ca
Ca
Ca Ca Ca
release
CaX
release
= Ä  C a 2 X  5 5 = 1  
Ca ~g Ca
release
Ca X (A]
Ca
release
rate equations may be formulated, it is is assumed that 
(i) X,^ , the total receptor concentration (Ca bound and 
unbound), remains constant and (ii) that the [Ca ] is not
2 -f*significantly altered by the binding of Ca by X, and 
(iii) that the rate of equilibration of Ca and CaX 
species is rapid compared with the utilization of the 
X and CaX species in the process of transmitter release. 
With these assumptions 
X ™ X +CaX +Ca0X ... +Ca X 2 n
and V kn'XT’
2.1
2.2
where V is the frequency when [Ca2+] is saturating. 
But
« „ Ca.X „ „ CaX. Ca Ca2 .X „ ,r Can .XCaX = — -— *, Ca0X = --—--- = — -- . . . , Ca X = —---—K 2 K0 K, K0 n ...K2 1 2  I n
From 2.1, 2.2, 2.3»
2.3
X - I  X - k Ca Ca2
(l+K1 + K xK2 + 
Now frequency, F
Can
K-...K ) 1 n 7
2.4
k X + knCaX + ... + k Ca X. o 1 n n 2.3
82
From 2.3» 2.3»
F X(Vki ^ . . . +k CaK, . . . K ) 1 n '
From 2.4, 2.6,
2.6
/, , Ca , Ca,r (k +k., —  +k0 ■ ■ ■ +~ V v o 1 K, 2K-. K 0 F = 7- 1 1 2k ---------------- -^----
. . +k Can K-. . . .K )1 n '
/ C a C a
<* *k T *
Ca
K-, . . .K1 n
2.7
The ability of this hypothesis of Ca action to explain
quantitatively the experimental results was tested.
For n=l, 2, and 3? rate and dissociation constants were
determined such that equation 2.7 gave the best possible
fit to the effects of Ca on m.e.p.p. frequency.
The criterion of best fit used was that the sum of
the squares ( ) of the deviation of the experimental
results from the fitted equation, weighed by dividing
by the standard errors of the points, be minimal. A
computer program based on the descent method of Fletcher
and Powell (1963) was used to determine the constants
2which minimised FD .
The simplest situation, n=l, i.e.,
Ca + X CaX
ft S
release release
[Cq] (m M )
m M  Mg
Fig. 20. A. Competitive inhibition of Ca by Mg. The 
reciprocal of m.e.p.p. frequency is plotted as a 
function of the reciprocal of [Ca] for two magnesium 
concentrations. The data is from Fig. 19B. See text.
B. Evidence for two sites of Mg action. A plot of the 
reciprocal of m.e.p.p. frequency as a function of the 
reciprocal of [Mg] has been made for data of Fig.l9B, 
recorded at various calcium concentrations. See text.
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gave a satisfactory fit to the observed results 
( xp2 =0.18 x 102) below [Ca] 10 ^M. The calcula ted 
frequencies were approximately 0.66/sec., and as the 
line in Figure 18 shows, rose as | Ca] was increased beyond 
10 M, if close agreement with the experimental results. 
However, considerably better fits were obtained using 
higher values of n (e.g., ED = 0.10 x 10 for n=2), 
raising the possibility that Ca action may involve two 
or more receptor sites on X.
Jenkinson (1937) has suggested that Ca and Mg 
compete for a common receptor site in modifying evoked 
transmitter release; that such an interaction occurs 
in spontaneous release is suggested by Figure 20A.
Here the reciprocal of frequency has been plotted as 
a function of the reciprocal of [Ca] at two [Mg]'s. 
Extrapolation of the curves to a common intercept at 
the ordinate, meaning that frequency at infinite [Ca] 
is independent of [Mg], would indicate competition for 
a receptor site. Such an extrapolation appears 
reasonable for Figure 20A, although the curved nature of 
the plots prohibits firm conclusions being drawn. It 
can be shown that if Mg were to compete with Ca for X
I r-e. i •Q'f»
at only one site, the double— neeiprooq-1 plot of^m.e.p.p. 
frequency as a function of [Mg] should be linear. As
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Figure 20B shows, this is clearly not the case. 
Competition with Ca by action of Mg at two or more sites 
however can quantitatively explain the data in Figures 
19, 20. For example it can be seen that for the
reaction scheme
release release
if the rate constant for MgX is less than the rate 
constants of CaX and Mg^X, raising the [Mg] in the 
presence of Ca will first reduce m.e.p.p. frequency as 
the more active Mg0X is formed. From the competition of 
Ca and Mg for a common molecule X it would be predicted 
that Ca and Mg could displace each other, and that, in 
high concentrations of Ca when X is saturated with Ca, 
the frequency should be independent of [Mg] (Figure 20A).
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In summary then, it may be said that the present 
results support the suggestion of del Castillo and Katz 
(.195^) that Ca acts by combining with, and modifying the 
activity of transmitter releasing activity of a 
receptor molecule, probably membrane bound; however 
quantitative considerations of Ca action, and both 
quantitative and qualitative considerations of Mg 
action, suggest that this receptor may bear two or more 
sites for metal ion binding, and that Mg (and possibly 
other ions, cf. Gage and Quastel, 1966) may compete with 
Ca for occupation of these sites.
Part 2
Ca and Mg on Acetylcholine Release Evoked by the 
Nerve Action Potential
INTRODUCTION
Part 1 of this chapter represents an investigation 
to provide data on the effects, and their time courses, 
of Ca and Mg on spontaneous transmitter release. The 
data presented in this Part represents the results of a 
companion investigation on the effects of Ca and Mg on 
the transmitter release evoked by the nerve action 
potential. Previously there has been no comprehensive 
quantitative data on the effects of Ca and Mg on both
% Control
• ••V. • •
••• •<
Fig.21. The time course of the changes in e.p.p. 
amplitude produced by variation of the bathing [CaJ. 
Two separate experiments are shown. In both e.p.p.s. 
were recorded at 25 sec intervals in the control 
solution (2 mM-Ca), then for 20 min in the test 
solution and again in the control solution. E.p.p. 
amplitudes are expressed as per centages of the mean 
amplitude of e.p.p.s in the control solution. In 
the experiment in which the test solution contained 
5 mM-Ca the e.p.p. amplitudes are shown by filled 
circles and in the experiment in which the test 
solution fcontained 1 mM-Ca the amplitudes are denoted 
by open triangles. The vertical interrupted lines 
indicate changes of bathing [CaJ. The first indicates 
the change from the control to the test solution, 
the second the return from test to control solution.
86
spontaneous and evoked release. By comparison of such 
data, an insight into the mechanism by which the nerve 
action potential induces rapid transmitter release may 
be expected, especially as it is likely that evoked release 
represents an acceleration, in some manner, of the basic 
system responsible for spontaneous transmitter release 
(Liley, 1956; Katz, 1962).
RESULTS
Time courses The time courses of Ca and Mg actions
upon e.p.p. quantal content were the same as the time 
courses of their actions on m.e.p.p. frequency. In 
Part 1, this Section, it was found that the effects of 
changes of [Ca] upon m.e.p.p. frequency took 10-30 mins 
for completion. As Figure 21 shows, the amplitude of 
e.p.p.s evoked at 25 sec. intervals changed with a 
similar time course upon exposure to solutions with a 
greater (Figure 21, filled circles) or smaller (Figure 21, 
open triangles) [Ca] than that of the control solutions. 
Figure 21 is representative of 5 similar experiments.
These amplitude changes presumably reflect changes in 
quantal content since | Ca] changes of this magnitude, in 
this preparation, do not change quantal size as estimated 
from m.e.p.p. amplitude measurements (Part 1, this Section).
Mg 1 mM Mg 6 mM
iS 100
* 60
Fig. 22 The time course of the fall in e.p.p. amplitude 
changing from a bathing solution with [Mg] of 1 mM to 
one with a [Mg] of 6 mM. Each point plots the amplitude 
of an individual e.p.p. the vertical broken line indicates 
the time at which bathing solutions were changed.
Abscissa: time in mins following the change in bathing
solutions. Ordinate: E.P.P. amplitude expressed as a 
percentage of the mean amplitude of e.p.p.s. recorded 
in the initial bathing solution.
The effects of Mg upon quanta1 content also
paralleled the effects of this ion upon m.e.p.p. 
frequency, and were similarly complete in a shorter 
time than the equivalent Ca actions. In three 
experiments in which the [Mg] of bathing solutions was 
increased from 1 X 10 ^M to 3 x 10 M^, or 6 X 10 ~^M 
(Figure 22), was a fall in the quantal content of e.p.p. 
which was complete in 5~15 mins and reversed within 
the same time upon reducing the |Mg] to 1 X 10 JM .
Action of Ca The effects of Ca upon spontaneous
-5 -2 ,release were exhibited in the range 10 - 10 M (Part
1, this Section). The same general range covered the 
effects of Ca upon ACh release evoked by nerve 
impulses although the effects of Ca were much larger.
For instance in two experiments it was found that after 
2 hours exposure to solutions with a [Ca] of 2.4 X 10 ^M 
preparations did not contract upon single or repetitive 
nerve stimulation. In these preparations also, 
intracellular recording from junctional regions, 
identified by the recording of m.e.p.p.s, detected no 
e.p.p. response upon stimulation. Upon raising the 
[Ca] of the bathing medium to the normal 2 X 10 M^ 
e.p.p.s were detected upon nerve stimulation and these 
e.p.p.s rapidly became large enough to generate muscle
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Fig.23* The relationship between bathing [Ca] and the 
mean quantal content (m) of e.p.p.s. The m - 1 S.E. 
is indicated by the circles and bars. For determination 
of m, see text. Note logarithmic ordinate and abscissa. 
The line is computed from equation 2-9*
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action potentials, and thus provoke contraction of the 
preparation. E.p.p.s could however be recorded in the 
presence of [Ca] as low as 5 X 10 although at this 
concentration responses at individual junctions were 
intermittent. Weak contraction occurred in response to
stimulation at this concentration but was abolished by
—8the addition of (+)-tubocurarine Cl, 5 X 10 g/ml. Boyd 
and Martin (1956) similarly report that fibres in the 
cat tenuissimus muscle continued to twitch for an 
unmentioned time in a solution with no added Ca. As 
Figure 23 indicates, quantal content for responses in 
solutions with a [Ca] of 3 X 10 was very low so that 
it must be assumed either that the threshold for 
initiation of contraction had markedly diminished 
(Costantin, 1967)» or that there was a small 
population of junctions with a larger quantal content 
(cf. Boyd and Martin, 1956).
In agreement with conclusions from previous 
investigations of the effect of Ca on e.p.p. amplitude 
the e.p.p. quantal content was found to increase as 
[Ca] was increased (del Castillo and Stark, 1952; del 
Castillo and Katz, 195^> Boyd and Martin, 1956; Liley, 
1956a; Jenkinson, 1957» Elmqvist and Quastel, 1965a5
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Dodge and Rahamimoff, 1967)* Figure 23 shows m determined 
over a range of [Ca]'s from 5 X 10  ^ to 1 X 10 ^M.
Each estimate of quantal content represents the 
arithmetic mean of quantal contents estimated (see 
Methods) from 6 to 14 junctions in preparations bathed 
at that particular [Ca]. The data has been plotted on 
logarithmic co-ordinates because of the wide ranges 
involved, and also to allow comparison with the form of 
results from previous related investigations.
In low [Caj's the relationship between [Ca] and 
quantal content (Figure 23) was almost linear, with a 
gradient of approximately 2.7* This compares with a 
gradient of k for a similar comparison of e.p.p. 
amplitude and | Ca] at the frog neuromuscular junction 
(Dodge and Rahamimoff, 1967)» However the data of 
Jenkinson (1937) using the same frog preparation yields 
a gradient of 3» In higher [Ca]’s, the relationship 
deviates from linearity and m appears to be approaching 
a maximum. A similar result was found for the 
relationship between e.p.p. amplitude and [Ca] reported 
by Jenkinson (1937)*
Action of Mg The effect upon m of a 12.3-fold
increase in [Mg] (from 1 X 10 "^M to 12.3 X 10 ^M), and
B100.0
0 001
0 0001
Fig. 24. The interaction of Ca and Mg. A. Quantal 
contents (- 1 S.E.) of e.p.p.s in three [Mg]s and 
0.6 (filled squares), 2 (circles), 5 (triangles) and 
8 (open squares) mM-Ca. For determination of quantal 
content see text. Note logarithmic scales. B. Competition 
between Ca and Mg. Points indicate quantal content - 1 
S.E. Note reciprocal scales. Open triangles 12.5 mM-Mg, 
open circles 1 mM-Mg and open squares 0.1 mM-Mg. The 
lihes in A and B are computed from equation 2.9.
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of a 10-fold decrease in [Mg] (from 1 X 10 "^ M to
-41 X 10 M) was determined in a range of [CaJ's. As 
Figure 24a shows, quantal content fell as [Mg] increased, 
in agreement with the conclusions of previous 
investigations (del Castillo and JEngbaek, 1954; del 
Castillo and Katz, 1954; Boyd and Martin, 1956; Jenkinson,
1957).
The relative decrease in. quantal contents produced 
by increasing [Mg] was greater in low [Ca]. This would 
be expected from the evidence of Jenkinson (1957) that 
Ca and Mg compete in their effects upon quantal content. 
The data of Figure 24a has been replotted in Figure 24B to 
show the relationship between the reciprocal of quantal 
content (using a logarithmic scale for convenience) and 
the reciprocal of [Ca], at various [Mg]. Extrapolation 
of all three curves to a common intercept on the 
ordinate would indicate competitive interaction between 
Ca and Mg. As can be seen from Figure 24B, the data is 
suggestive of such a relationship, although no firm 
conclusion can be drawn because of the standard 
errors of the results and the curved form of the
plot.
AB C D
Fig. 2 5 . A. The relationship between [Ca] and the relative 
acceleration in quantal release rates produced by the 
nerve action potential. Abscissa: [Ca] mM. Ordinate:
the ratio e.p.p. quantal content/m.e.p.p. frequency. The 
m.e.p.p. frequency and e.p.p. quantal content estimates, 
at various [Ca]'s, were made from smooth curves drawn through 
the results of Figs. 18 and 23 respectively. B.C.D. 
Diagrammatic plots of the relationship between substrate 
concentrations (abscissa) and the concentration (ordinate) 
of (b ) free receptor (c) intermediate substrate-receptor 
species, and (d ) the saturated substrate-receptor species, 
in a reaction scheme such as (a ) in Section 2, Part 1.
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DISCUSSION
Changes in bathing [ca] produce changes in the 
form of the nerve action potential (Frankenhaeuser,
1 9 5 7)» which would be expected to modify the transmitter 
release evoked (Katz and Miledi, 1 9 6 5c). However these 
changes are small. They appear unlikely to account 
for anything beyond a minor part of the action of Ca 
(and Mg) on evoked transmitter release. In further 
consideration of the results, e.p.p. quantal content 
has therefore been accepted as essentially a parameter 
of the direct effects of Ca and Mg on the system 
responsible for transmitter release.
In explaining the role of Ca and Mg on transmitter 
release, one of the problems (del Castillo and Katz,
1 9 5 »^ 195 +^a) is the vastly greater effect of these
ions on evoked release than on spontaneous release; 
i.e., the ions not only effect the resulting transmitter 
release, but also the acceleration produced by the nerve 
impulse. With quantitative data for both spontaneous 
and evoked release, the effects of Ca on this 
acceleration may be assessed. As Figure 25A shows, there 
is a sigmoidal relationship between the relative 
acceleration (e.p.p. quantal content~m.e.p.p, frequency) 
produced by the action potential, and [Ca].
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There are 3 general explanations Tor the differing 
effects of Ca on spontaneous and evoked release, (i) 
Evoked transmitter release represents the activity of a 
highly Ca, Mg, and depolarisation sensitive release 
system quite separate from the Ca, Mg sensitive system 
causing spontaneous release. On such an explanation, 
the relationship shown in Figure 25A is irrelevant, and 
the interpretation of the results of Figure 23 could be 
essentially the same as that of Dodge and Rahamimoff 
(1967); a single multi-Ca bound receptor complex leads 
to evoked transmitter release. Additional points are 
that for this preparation the active complex bears 3 
Ca molecules (initial gradient of Figure 23 is 2 .7)» and 
that the saturation effect observed at high [Ca^ 
further supports the concept of Ca action by complex 
formation. However this general explanation of Ca 
action has the disadvantage that one needs to invoke a 
separate Ca, Mg sensitive system, (e.g., System A, Part 
1 this Section) to explain spontaneous release.
(ii) Ca and Mg may act to modify the accelerating 
activity of a depolarisation sensitive system which acts 
upon the spontaneous release mechanism. In this case, 
Figure 25A is indicative of the effect of Ca within this 
system, and as for Figure 23, the form of Figure 25A could
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be interpreted as representing the activity of a multi- 
Ca receptor species within this accelerating system. 
Again, however, such a system required a separate 
receptor system to explain Ca and Mg action on 
spontaneous release.
(iii) The third explanation would be that the 
nerve action potential produced a constant accelerating 
effect, but that this is exerted only on a particular 
fraction of the Ca sensitive spontaneous transmitter 
release, this fraction having a relationship with [Ca] 
of the form in Figure 25A. This hypothesis is attractive 
for two reasons. Firstly, it provides a single system 
explaining the effects of Ca and Mg on both spontaneous 
and evoked release. The similar time courses for Ca and 
Mg action on spontaneous and evoked release, and the 
indication of competitive interaction between Ca and Mg 
in both forms of release give no indication of two 
systems of Ca and Mg action (although not excluded by 
such data). Secondly, in the reaction system for Ca 
and Mg action suggested by the investigation on 
spontaneous transmitter release (Part 1, System A), 
there _is a fraction of the Ca sensitive release which 
has a sigmoidal relationship with [Ca] as in Figure 25A. 
It can be shown from the rate equation for this system 
that, provided n > 2 (Part 1, equation 2.7)» as ICa]
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is increased from zero to infinity, the amount of free
’X' falls from X to zero in a sigmoidal manner (shownT
schematically in Figure 25B); the amount of any one CaX 
species except Ca^X, first rises from zero and then 
returns to zero (Figure 25c); and the concentration of 
Ca^X rises sigmoidally from zero to reach a plateau 
concentration of X (Figure 25D), i.e., a similarT
relationship with [Ca] as found in Figure 25A.
This suggests the hypothesis that the acceleration 
in transmitter release produced by the nerve action 
potential may be produced by a Ca-independent acceleration 
affecting only (or mainly) the activity of that species 
of a Ca-binding membrane receptor molecule ’X’ which 
contains a full (saturating) complement of Ca ions.
It was decided to test the ability of the above 
hypothesis to explain quantitatively the observed effects 
of Ca and Mg on both spontaneous and evoked transmitter 
release. A scheme incorporating a competitive interaction 
between Ca and Mg was considered. The initial gradient of 
Figure 23 was taken to estimate n, the number of Ca 
molecules on the CaX species activated in evoked release. 
Because of the data indicating more than one site of Mg 
action in spontaneous transmitter release (Part l), and 
from the gradient of a logarithmic plot of the
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relationship between e.p.p. quantal content and the 
reciprocal of Mg, at high magnesium concentrations, three 
sites of Mg action were also assumed.
The following scheme was therefore assessed:
ACh „ ACh ACh ACh
release release release release
K» s =
k ’ s = 
k=k^
k=k^
, where
k6V
ACh
release
dissociation 
constants
rate constants
for spontaneous 
ACh release
for evoked 
ACh release
kj^  >k^
As indicated by the results of Part 1, X has an 
activity in the absence of Ca or Mg; both Ca and Mg 
compete for X; and in view of the inhibitory effect 
of Mg on spontaneous release in the lower range of 
[Mg]1s, only the Mg^X species of Mg-X complex is 
considered to be significantly active in transmitter 
release.
The rate equation for this system, derived in the 
manner used to obtain equation 2.7 (Part l), is 
quantal release rate
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V (_% ^1 rca1+ K2 [Ca 1^+ 1 [Ca]J+ _ _ ^ 6 _  [Mg]J)
m k +kK1 ’-T" T" T" T" T"kKiK2 K 1K2K3 kK4K5K6
(1 [Ca]+ [Ca] + [Ca]3+ [Mg]+ [Mg] + [Mg]J x
K 1 K1K2 k iK2K3 K 4 k 4K5 K4K5K6
.,.2.8
where Vm = quantal release rate when [Ca] is saturating, 
The acceleration of release following the action 
potential is clearly gross, and on the hypothesis being 
examined, produces a great increase in k, from k^ for 
resting release, to k^ for evoked release. For evoked 
release the activity of complexes other than Ca^X is 
insignificant, and equation 2.8 may be simplified to 
quantal release rate
vJ C a ]3
W W W  ( i _l [^a ]+ [Ca ] + [Ca]J+[Mg]+[Mg] + [Mg ] 
1 2 3 '  w w w  w w w  w. w.w w .w w 'K1K2 K1K 2K 3 k 4K5 K4K5K6 . .2.9
As this equation does not contain rate constants, 
units different from those used to measure spontaneous 
release may be used to estimate evoked release, provided 
of course, that the Vm for evoked release is also 
estimated in the same new units. Thus e.p.p. quantal 
release rate, in equation 2.9» may be replaced by quantal
content.
Mg 12 5 mM
Fig. 26. Experimental data on spontaneous transmitter 
release, and curves calculated from equation 2.8 of 
text. A. The relationship between [Ca] and m.e.p.p. 
frequency, as shown in Fig. 18. B. The relationship between 
[Mg] and m.e.p.p. frequency, as shown in Fig. 19A C.
The data of Liley (1956), Fig.4B, showing the relationship 
between m.e.p.p. frequency (ordinate, logarithmic scale) 
and polarising current (abscissa, arhitrary units) in 
normal, ImM [Mg] containing bathing solutions (open 
circles) and in bathing solutions with 12.5 mM [Mg]
(filled circles).
A curve fitting computer program was developed to 
provide the theoretical curves, based on the above 
system, which gave the best fit to the experimental data 
on Ca and Mg action on spontaneous and evoked release.
The constants produced by the program were:
K1 7 x 10“^M k0
K2 5 x i o"6m kl
K3 1 X 1 0"2m k2
k4 3.5 X 10M k6
K5 5.56X 10M Vm
k6 9 • 33x 10M Vm
= 6.21 x 10 2k^
= 2.17 x 
= 1.09 x 10-1k
= 2.59 x 10_1k
for spontaneous release
9.2 quanta/sec.
for spontaneou-s release 1.6 x 10^ 
quanta/nerve impulse
The lines in Figures 23* 24a , 24b show that the 
theoretical relationship between quantal content, [Ca], 
and [Mg] approximates well the observed data. Similarly 
the scheme explains well the observed relationship 
between [Ca] and m.e.p.p. frequency. (Figure 26a ). As 
Figure 26B shows the relationship between [Mg] and m.e.p. 
frequency is less well approximated, however the 
theoretical frequencies are still of the order recorded 
experimentally, and the qualitative relationship between 
[Mg] and spontaneous release is obtained.
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The effects of [Ca] on the spontaneous release rates 
at various [Mg] (Figure 19B) were also satisfactorily 
explained in form by the scheme, although the m.e.p.p. 
frequencies recorded, particularly for lower [Mg]'s, 
were lower than those predicted. This is- to be 
expected, for this data was obtained from preparations 
exposed to solutions of lower osmolarity than the data 
of Figures 18, 19A, 23» 24, to which the fittings were made.
These considerations show the ability of the 
hypothesis, that the nerve action potential acts to 
increase the activity of a particular Ca-saturated 
species of the Ca-sensitive spontaneous release system, 
to explain a wide range of data on Ca and Mg actions. 
Furthermore, while no specific significance should be 
attached to the constants and detailed form of the 
particular scheme proposed, these may be used to provide 
predictions from the general hypothesis, which may then 
be tested.
The approximately exponential relationship between 
nerve terminal depolarisation and transmitter release is 
well established (Liley, 1956; Hagiwara and Tasaki, 1958; 
Takeuchi and Takeuchi, 1962; Miledi and Slater, 1966; 
Bloedel, Gage, Llinas and Quastel, 1966; Katz and 
Miledi, 1967)« By assuming an exponential relationship
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between nerve terminal depolarisation and the change in 
rate constant of the depolarisation-sensitive Ca^X complex, 
one may predict the effects of depolarisation, at various 
[Ca] and [Mg], on transmitter release. Figure 26C shows 
the data of Liley (1956, Figure 4b ) on which are superimposed 
predicted curves, assuming an exponential relationship 
between the rate constant, k^ , of the Ca^X complex and 
Liley’s units of current, such that 4.3 units of current 
resulted in a 50 times increase in . The predicted 
relationship shows general agreement with Liley’s data.
(A detailed investigation of the relationship between Ca,
Mg, and depolarisation in this preparation has been made 
by Landau (1968). Surprisingly good agreement between the 
predictions of the above scheme and the experimental 
results has been found).
Two possible mechanisms by which the nerve action 
potential (and depolarisation) could increase the 
activity of the particular Ca-receptor complex can be 
suggested. The first of these is entry of the complex 
into nerve terminals. Entry of Ca into nerve terminals 
as a result of terminal depolarisation by the nerve 
impulse was suggested by Hodgkin and Keynes (1957) > and 
indeed there is evidence from squid axon, crab nerve and 
skeletal muscle that a Ca entry into these tissues is
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accelerated as a result of membrane depolarisation 
(Fluckiger and Keynes, 1955; Keynes and Lewis, 1956; 
Hodgkin and Keynes, 1957» Bianchi and Shanes, 1959)» The 
work of Douglas and his colleagues upon adrenal 
chromaffin cells and the neurohypophysis indicates 
that hormone secretion is induced by Ca entry following 
depolarisation of the secreting element (Douglas and 
Poisner, 1964, 1964a; Douglas, Kanno and Sampson, 1 9 6 7)» 
Similarly, experiments on transmitter release from frog 
motor nerve terminals (Katz and Miledi, 1967a) and the 
squid giant synapse (Kusano, Livengood and Werman,
1 9 6 7» Katz and Miledi, 1966, 1 9 6 7) have been explained
by the entry of a positively charged Ca species into the 
nerve terminals during terminal depolarisation.
A second possibility is that the action potential 
produces a conformational change in the nerve terminal 
membrane (Schmitt and Davison, 1 9 6 5; Bass and Moore,
1966; Cohen and Keynes, 1 9 6 8), and this change results 
in a greatly increased activity of the proposed Ca 
complex.
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SECTION 3
THE ACTION OF POTASSIUM IONS ON TRANSMITTER
RELEASE
INTRODUCTION
The effect of potassium in increasing the quantal 
content of e.p.p.s at the neuromuscular junction has been 
noted by several investigators (Liley, 1956c; Takeuchi 
and Takeuchi, 19^1; Edwards and Ikeda, 1962; Parsons, 
Hofmann and Feigen, 1965)» At least part of this effect 
results from an increase in the factor p, the probability 
of transmitter release (Liley and North, 1953); Parsons 
et al also interpreted their data as indicating a second 
action of potassium - the production of an increase in 
the 'readily available transmitter'. As potassium has 
been shown to reduce the number of synaptic vesicles 
within nerve endings (Hubbard and Kwanbunbumpen, 1968), 
this postulated second action of potassium has been 
interpreted (Hubbard and Willis, 1968) as indicating 
that n, the readily available transmitter, is not a 
function of synaptic vesicle numbers. The results of 
Section 1 indicate that there may be a relationship 
between synaptic vesicle numbers and n. This discrepancy 
has therefore been assessed by further experiments.
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The effect of potassium on spontaneous transmitter 
release has also been investigated. Liley (1956) 
attributed the great acceleration of m.e.p.p. frequency 
produced by raising the bathing [k ] simply to an effect 
of the nerve terminal depolarisation. However two 
findings suggest a more complex action. Firstly, Gage 
and Quastel (1965) have concluded that the long time 
taken for full development of K action on spontaneous 
transmitter release indicates a second action of K, which 
is of slower onset than the action on nerve terminal 
polarisation. Secondly, it has been found that in the 
presence of a [k ] of 2 X 10 M, raising the [Ca] above 
2 X 10 J M reduces m.e.p.p. frequency (Elmqvist and 
Feldman, 1966). A similar effect is apparent in the 
results reported by Gage and Quastel (1966). This is 
in contrast with the effects of Ca in solutions of 
normal [k ] (Figure 18).
RESULTS
Effect of K on spontaneous transmitter release
The observed effect of raised [k ] in modifying the 
relationship between [Ca] and m.e.p.p. frequency was 
confirmed in the present investigation. M.e.p.p. 
frequency was recorded in solutions of various
d d a tu)
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2 200
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Fig. 2 7 » The relationship between [Ca], [k ], and
m.e.p.p. frequency. Each point represents the mean -
1 S.E. of m.e.p.p. frequencies recorded at 50 junctions 
in each of two or more preparations exposed to the 
particular bathing solution. In A, the results are 
plotted to show the relationship between m.e.p.p. 
frequency (ordinate, logarithmic scale) and [Ca] in mM 
(abscissa) at[ k ] 's of 0.5 mM (open circles), 5mM (closed 
circles), lOmM (open squares), 15 mM (filled squares) and 
20 mM (open triangles). In B, the results are replotted 
to show the relationship between m.e.p.p. frequency 
(ordinate logarithmic scale) and [k ] in mM (abscissa) at 
[Ca]'s of 0.1 mM (filled squares), 0.6 mM (open squares),
2 mM (filled circles) and 8 mM (open circles).
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concentrations of K and Ca. Figure 27A shows the 
relationship between m.e.p.p. frequency and [Ca] at 
successively increased potassium concentrations. Although 
there is some scatter in the points at higher [k ]'s , 
there is an indication that the relative inhibitory 
effect of raised [Ca] is not only more marked in high 
[k ], but also appears at lower [Ca]1s. This is opposite 
to the effect expected if K was modifying the Ca-m.e.p.p. 
frequency relationship by a competitive interaction on a 
system where an inhibitory Ca-complex was formed; the 
effect of raised [k ] on such a system would be to reduce, 
and delay, the inhibitory effect of Ca as [Ca] was 
elevated.
When the results were replotted (Figure 27B) to show 
the relationship between m.e.p.p. frequency and [k ] at 
various [Ca]*s, the results illustrated the gross effect 
of [k ] in the range 1 X 10  ^M and above, on spontaneous 
release. The magnitude of this effect suggests that 
simple equilibration of [k ] changes at some site 
modifying transmitter release may indeed be an adequate 
explanation of the observed long time course for full 
development of K action; e.g. in changing from a [k ] of 
5 X 10  ^M to 2 X 10  ^M, 90 per cent equilibration 
with the new [k ] would have occurred at a time when
Frequency
30
Frequency
“  30
Figure 28.A. Spontaneous transmitter release rates 
before, during and after exposure of a preparation to 
a solution with a [k ] of 1.5 X 10 2 M. Each horizontal 
bar plots the mean m.e.p.p. frequency (ordinate) recorded 
from 7-15 junctions sampled over the time indicated by 
the bar length. At the first vertical dashed line, the
o
[k ] in the bathing solution was changed from 5 X 10 " M 
to 1.5 X 10~2 M. A change back to a [k ] of 5 X IO"”"3 M 
was made at the time indicated by the second vertical
dashed line. The abscissal scale shows the time in mins
-2after first changing to 1.5 X 10 M-K. B. The effect 
of repeated exposure to raised potassium concentrations. 
The graph shows the m.e.p.p. frequencies recorded from 
a preparation exposed initially for 2 hrs to a solution 
containing 1.5 X 10 2 M-K. At the first, third and fifth 
vertical dashed lines, a change in bathing solution with 
a [k ] of 5 X 10 M was made. At the second, fourth and 
sixth vertical dashed lines, return to a solution with a 
[k ] of 1.5 X 10 2 M was made. The determination of the 
experimental data, and the scales are as for Figure 28 A.
m.e.p.p. frequency was only half its final value. A test
of this hypothesis would be to record the rate of decay
of m.e.p.p. frequency in changing back from a raised [k ]
to the normal [k ] , an asymmetric relationship between
onset and decay of K action being predicted. Whereas at
90 per cent completion of the equilibration of bathing
2 rsolutions upon a 1.5 X 10 M increase in [k ] , m.e.p.p. 
frequency would be only half its final value, on 
returning to normal [k ], the frequency at 90 per cent 
re-equilibration with the normal solution (i.e. at 
[k ] 6 X 10 ^ M) would not be significantly different from 
control values (cf. Figure 2r/B) . Such an effect was 
repeatedly and consistently found in a number of 
experiments performed to test this prediction. The 
results of a typical experiment are shown in Figure 28A, 
where each point on the graph represents the mean 
frequency of at least seven, and usually fifteen, 
junctions sampled during the time indicated by the 
horizontal bar. Changeovers were made to solutions of
r\
[k ] as high as 5 X 10 M. On changing to this 
concentration, m.e.p.p. frequency soon became too high 
to be counted. Elmqvist (1966), and Elmqvist and 
Feldman (1966), found the high m.e.p.p. frequencies 
observed soon after changing to such a [k ] were not
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maintained. However, in the present investigations, such 
preparations were followed for two hours, in which time 
no fall in frequency was apparent.
It was noted in this series of experiments that if,
after exposure of a preparation to raised [k ] and return
to the normal bathing solution, the preparation was again
exposed to raised [k ], the resulting m.e.p.p. frequencies
were higher than those recorded at the previous exposure.
This effect is illustrated in Figure 28B, which shows the
m.e.p.p. frequency response to alternate exposures to
bathing solutions containing 5 X 10  ^M-K or 1.5 X 10 ^
_2M-K of a preparation exposed initially to 1.5 X 10 M-K 
for two hours. No detailed investigation of this phenomenon 
was made, and no satisfactory explanation can be offered.
The possibility that the second changeover to increased 
[k ] may have started before full decay of the previous 
increase in [k ] had occurred does not provide an 
explanation. While such an effect could explain a more 
rapid time course for equilibration with a second 
increase in [k ], it does not explain why the resting 
steady state level of m.e.p.p. frequency should be higher.
If the effect of K is indeed exerted through its action 
on the. nerve terminal membrane potential, the above effect 
would suggest that an increased depolarisat-ion accompanies
5 mM -G5 mM -G 16 mM -G 16 mM -G
5 mM -G 16 mM -G5 mM -G16 mM -G 16 mM+ G
Figure 29*A. The effect of repeated exposure of a
preparation to raised potassium concentration in the absence 
of glucose on spontaneous transmitter release rates. At the 
vertical dashed lines, the [k ] of the bathing solution was 
changed as indicated at the top of the graph. Each point 
on the graph represents the mean frequency of 7-15 junctions 
sampled at the time indicated by the abscissal scale.
B. The reduction m.e.p.p. frequency produced by addition 
of glucose to preparations exposed to raised potassium 
concentration in the absence of glucose. The graph shows 
the results of an experiment similar to that in Figure 29 A, 
except that after 25 mins of the second exposure of the 
preparation to a solution with a [k ] of 1.6 X 10  ^M and 
no glucose, a similar solution, but containing 1.1 X 10 
glucose was substituted.
M
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successive exposures to raised [k ]. Decreased activity 
of the Na-K membrane pump leads to membrane depolarisation 
(ito and Oshima, 1964). Thus if the stimulation of the 
pump produced by raised 1_k ] (Skou, 1965) were less at 
successive exposures, the effect could be explained.
There is no direct evidence relating to such an effect. 
However, in some slight support of this possibility, it 
was found that if glucose was omitted from the bathing 
solution, a procedure which reduces the response of the 
Na-K pump to elevated [k ] (GTynn, 1956), both the 
frequency produced by the first increase in [k ], and the 
relative increases in frequency at succeeding exposures, 
were clearly greater (Figure 29A), and addition of 
glucose to the solution produced a prompt reduction in 
frequency (Figure 29B).
The effects of potassium on evoked transmitter release
Six experiments were performed on the effect of
potassium on evoked transmitter release. In each
experiment, the phrenic nerve was stimulated with brief,
rapid tetani at approximately 1 min. intervals before,
_2 —and during, exposure to 1.5 X 10- M [K ]. Nerve 
conduction usually failed early in high [k ]. The 
investigation of the relation between synaptic vesicle 
numbers and raised bathing [k ] (Hubbard and Kwanbunbumpen,
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1968), and the investigations reported in Section 1 were 
all performed at room temperature. To allow direct 
comparison with these results, two of the present 
experiments were similarly made at room temperature. In 
these two experiments, and in two of the remaining four 
(which were done at 34°c), the test stimuli consisted of 
7 pulses at 50/see. In the remaining two experiments,
40 stimuli at 100/sec. were used. E.p.p. amplitudes were 
corrected for changes in muscle resting potential. The 
corrected e.p.p.s in each test tetanus were then analysed 
for the parameters p and n (see Methods).
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The effects of changing to a [k ] of 1.5 X 10 M 
were generally small and variable. E.p.p. amplitude 
increases ranging from about 5 to 80 per cent were 
recorded in four of the six experiments. However, in 
one experiment at 34°C, and in one at room temperature, 
e.p.p. amplitude fell by about 10 per cent. The most 
consistently affected parameter was p, which increased 
by 8 to 30 per cent in five of the six preparations 
studied. In the sixth, an experiment carried out at 
34°C, a 15 per cent fall in p was observed. The effects 
on n, measured in units of e.p.p. amplitude, were 
variable. In two junctions at 34°C, approximately 30 
and 50 per cent increases were recorded. At the other
K 5mM K 15 mM
Figure 30. The effect of raised potassium concentration 
on evoked transmitter release. The figure shows e.p.p. 
amplitude (upper scale) , "the release probability (middle 
scale) and the readily available transmitter (lower scale) 
before, and at various times after changing from a solution 
with a [k ] of 3 X 10“3 M to one with a [k ] of 1.5 X 10-2 M. 
The change in solutions occurred at the time indicated by 
the vertical dashed lines. The abscissal scale shows the 
time in mins after changing solutions. For the 
determination of e.p.p. amplitude, p and n, see text.
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two junctions at 3^°C, 15 and 50 per cent decreases 
occurred. However, the value of n fell at both junctions 
studied at room temperature, by about 15 per cent in one 
case, and 20 per cent in the other. The results of two 
experiments, one (filled circles) performed at 3^°0, the 
other at room temperature (open circles with dots), are 
shown in Figure 30. For further consideration of these 
results, the effect of raised [k ] on quantal size was 
determined. The mean amplitudes of groups of 20 m.e.p.p.s 
before, during and after exposure to a [k ] of 1.5 X 10 M 
were recorded. After correction of the amplitudes for 
variation of muscle cell resting potential, there was 
little change in m.e.p.p. amplitude, and therefore 
presumably e.p.p. quantal size; only a small (less than 
10 per cent) fall in amplitude was observed. Taking this 
into account, a reasonable summary of the above experiments 
on K and evoked release would be that the effect of 
changing from a [k ] of 5 X 10  ^M to one of 1.5 X 10  ^M 
was to produce a small increase in e.p.p. quantal content, 
there being a small increase in p, the release 
probability, and no consistent change in n, the available 
transmitter.
It was of interest to compare the effects on p and 
n of current-induced changes in nerve terminal
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Fig. 31 The effect of polarizing currents on some 
release parameters. (Data by the courtesy of Drs. 
Hubbard & Willis). Ordinates: A, immediately
available store of quanta (n). B, average release 
probability (p). Abscissa: time in sec. The hatched
horizontal bars indicate periods of current applied 
focally to a motor terminal. The current strength 
(in pA) is shown above each bar. A + sign indicates 
anodic, a -sign cathodic current. The values for n 
and p obtained during the application of current are 
denoted by closed circles. Open circles denote values 
obtained after the current has ceased. The onset of 
current application is further indicated by arrows 
pointing upwards and its cessation by arrows in the 
reverse direction. C shows sample tetanic trains 
(at 100/sec) in the control situation and during the 
passage of anodic currents. The current strength 
(in (JA) and the time from the beginning of the current 
application (in sec) is shown with each tetanic trains. 
In D similar tetani are shown for depolarizing currents. 
Only the current strength (in qA) is indicated with 
each tetanus.
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polarization with the effects resulting from K - induced 
depolarization. Data, consisting of e.p.p. amplitudes 
resulting from brief tetanic stimulation of the phrenic 
nerve (10 pulses at 100/sec.) at various times before, 
during, and after the application of polarizing currents 
(cf. Hubbard and Willis, 1962) was supplied by Prof.
J.I. Hubbard. Figure 31 shows the results of analysis 
of this data for estimates of p and n. The figure 
illustrates clearly that the gross increase in e.p.p. 
amplitude accompanying nerve terminal hyperpolarization 
(which is due to an increase in quantal transmitter 
release (Hubbard and Willis, 19^2)) is caused mainly by 
an increase in n, the readily available transmitter.
This is accompanied by a relatively smaller, but still 
marked, increase in p. The much smaller decreases in 
e.p.p. amplitude caused by nerve terminal depolarization 
are caused by a reduction in n; no clear effect of 
depolarisation on p is apparent, possibly because of the 
small changes and the scatter in the results.
DISCUSSION
The foregoing observations on the effect of K on 
spontaneous transmitter release offer little support for 
the assumption (Gage and Quastel, 1965) of a double action
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of K on m.e.p.p. frequency. Because of the gross effects 
of changes in [k ] in the range above 1 X 10~ M, readily 
detectable increases in spontaneous release could still 
occur, during a change in bathing [k], even when 
equilibration with the new raised [k] was almost 100 per 
cent complete. The effect of K on spontaneous release 
is probably mediated through the nerve terminal membrane 
depolarisation it produces (Liley, 1956; Katz, 1 9 6 2).
If this is indeed so, the slow time course for full 
development of K effects on m.e.p.p. frequency is not 
unexpected. The final resting potential attained after 
changing [k ], even in isolated nerve fibres, can take 
approximately 10 to 20 minutes to develop (Strickholm 
and Wallin, 1 9 6 7). Furthermore, with the rat diaphragm- 
phrenic nerve preparation, although equilibration of K 
changes may be rapid within the synaptic cleft (cf. the 
results for d-tubocurarine; Goldsmith, 1 9 6 3; Gage and 
Quastel, 1 9 6 5), the Schwann cell covering the nerve axon, 
and the connective tissue sheath about the bundles of 
nerve fibres would markedly delay equilibration of [k ] 
changes with the extracellular fluid about the axon 
(Krnjevi6, 1955)» Accordingly there would be slow 
development of the new resting potential in this part 
of the axon. As the length constant of axons is usually
Ill
several millimetres (Katz, 1966), such an effect would be 
expected to electrotonically modify the membrane potential 
at the nerve terminal, and hence also cause a slow 
response of m.e.p.p. frequency to changes in bathing [k ] .
In this investigation, the inhibition of m.e.p.p. 
frequency produced by raising the [Ca] beyond normal 
levels in the presence of high [k ] was again found.
A simple explanation of this phenomenon is afforded by 
the results of Schmidt and Stampfli (1957)> and Schmidt 
(i960). Schmidt and Stampfli report that the 
depolarisation of nerve axons produced by Ca lack is 
maximal at [k ]'s of 5 X 10 ^ M in frogs, and double this 
value, i.e. I X  10 M, in the rat. Schmidt shows that 
the hyperpolarisation produced by increasing the [Ca]
beyond the normal level is greatest at a [k ] of
_21 X 10 M in the frog. Taking these results together, 
it appears possible that the hyperpolarisation induced 
by elevating the [Ca] in rats will be maximal at about
2 X 10 M [k ]. The ’inhibitory’ action of Ca at raised 
[k ]’s may thus be attributable simply to the enhanced 
hyperpolarising action of Ca at high [k ]’s , this effect 
contrasting with the results obtained at normal [k ]’s , 
where the action of Ca on membrane potential is very
small.
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However, the depolarisation produced by elevated [k ] 
does not explain the action of this ion on evoked 
transmitter release. The effect of raised [k ] was to 
increase the release parameter p, this effect occurring 
in five of the six experiments in the present investigation. 
A similar result has been obtained by Liley and North 
(l953)» and Parsons et al (1965). This effect differs 
from that obtained by polarising currents, with which an 
increase in p resulted from a membrane hyperpolarisation 
and membrane depolarisation had little or no effect on p.
The results suggest that potassium has a specific action 
on evoked transmitter release which is quite separate 
from its effects on the nerve resting potential.
No clear effect of K on the parameter n was found 
in the present experiments. This apparent discrepancy 
with the results of Parsons et al (1965) led to a re­
examination of the data in Figure 1 of their paper.
This was analysed, in the usual manner, for the 
parameters p and n. In agreement with the results of 
this present investigation, raised [k ] increased p, but 
was without effect on n. The conclusion of Parsons et 
al, that potassium increased the readily available 
transmitter, was based on the higher levels of quantal 
release maintained during the ’tail’ of the tetanus.
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However such an effect could arise simply from increased 
fractional release from the store, due to the raised p.
The available data thus gives no evidence of any increase 
in the value of n with raised [k ], and provides no 
grounds for rejection of the hypothesis that n is related 
in some manner to synaptic vesicle numbers in the region 
adjacent to the presynaptic membrane. Indeed, the fall 
in n with raised [k ] recorded in both experiments at 
room temperature provides some slight support for a 
relationship between n and synaptic vesicle numbers, 
since the small K-induced decreases in the nuihber of 
synaptic vesicles touching the presynaptic membrane, and 
in the number near the membrane (Hubbard and Kwanbunbumpen, 
1968), were observed in preparations studied at room 
temperature. A small decrease in n at nerve terminals 
depolarised by raised [k ] would also be consistent with 
the effects of current-induced depolarisation, which 
likewise reduces n (Figure 3l)•
In considering the meaning and nature of the release 
parameter n, the absence of any slow increase in m.e.p.p. 
frequency accompanying the slow recovery of n after 
prolonged nerve stimulation (Figures 10, inset, and 12D) 
suggested that variations in n may not affect spontaneous 
transmitter release. In this context, the finding that
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the marked increase in evoked transmitter release 
produced by hyperpolarising currents is due mainly to an 
increase in n is of importance. This effect develops 
slowly over many seconds, in contrast with the effect of 
such hyperpolarising currents on spontaneous release, 
which rapidly reduce m.e.p.p. frequency (Liley, 1956; 
Landau, 1968), rather than accelerate it. This 
discrepancy suggests strongly that n, as calculated for 
evoked release, measures a factor which has little or no 
effect on spontaneous transmitter release rates. Two 
general explanations are possible. One is that n 
represents the store of a substrate used only in evoked 
transmitter release. Alternatively, n is a store 
utilised in both forms of release, but is essentially 
saturating, and so is not rate influencing, in the slow 
process of spontaneous release.
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SECTION 4
THE EFFECTS OF TEMPERATURE ON TRANSMITTER 
RELEASE
INTRODUCTION
There have been many investigations of the effects 
of variation in temperature on one or more parameters of 
transmitter release at the neuromuscular junction.
However there are several apparent discrepancies and 
deficiencies in the published data.
Most investigations show that the spontaneous 
transmitter release rates increase over the temperature 
range 28°C to 38°C (Fatt and Katz, 1952; Boyd and Martin, 
195^a; Liley, 1956b; Li, 1958; Feigen, Peterson, Hofmann, 
Genther and van Heyningen, 1963; Hofmann, Parsons and 
Feigen, 1966): however estimates of the of this
increase range widely, from 2.1 for the cat (Boyd and 
Martin, 1956a) to between 5 and 8 for the mouse (Feigen 
et al, 1963). In the temperature range below about 28°C, 
the reported data shows a qualitative divergence, possibly 
due to a species difference. Liley (1956b) found m.e.p.p. 
frequency to increase as the temperature was decreased 
from 25°C with the rat diaphragm preparation, and Li 
(1958) found an initial increase, and subsequently a 
decrease in spontaneous release rates recorded from the
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gracilis muscle as an in vivo rat preparation was cooled 
from 25°C to 3°C; however Fatt and Katz (1952), N. Takeuchi 
(1958), and Li and Gouras (1958) found only a decrease in 
frequency as temperature was reduced from 25°C, using a 
frog preparation.
The relationship between temperature and e.p.p. 
quantal content appears to be complex, for Hofmann et al 
(1966) report, from observations in the range 24°C to 
37°C, that elevation of temperature increases e.p.p. 
quantal content at curarised neuromuscular junctions, 
but reduces quantal content if the transmitter release 
has been greatly depressed by raising the bathing [Mg.]
Boyd and Martin (1956) found a similar relationship 
between temperature and transmitter release in 
preparations exposed to high [Mg.]. They found e.p.p. 
amplitude increased with temperature in curarised 
preparations, but suggested that this did not indicate 
an increase in e.p.p. quantal content, because of an 
effect of temperature on the postsynaptic sensitivity in 
a curarised preparation. In contrast, Hofmann et al 
(1966) report that elevation of temperature in a 
curarised preparation increases evoked transmitter 
release. They also report a concurrent reduction in the 
•fractional transmitter release’. Taking these facts
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together they concluded that there was a marked increase 
in the available pool of preformed quanta, n. However 
no more direct determinations of n as a function of 
temperature are yet available. Similarly, there is little 
data on the effect of temperature changes on transmitter 
’mobilisation'. A. Takeuchi (1958) found the rate of 
recovery from neuromuscular depression had a positive 
temperature coefficient of about 1.7» from which one 
infers a similar property for transmitter mobilisation. 
Hofmann et al (1966) have confirmed the positive 
temperature coefficient of mobilisation for stimulus 
frequencies of 50/sec. However these stimulus 
frequencies do not measure maximum mobilisation rates at 
the temperature range explored by Hofmann et al (see 
Results), so that the mobilisation rates they observed 
are modified to some extent by the effects of temperature 
on p (cf. Elmqvist and Quastel, 1965a) •
The facilitation of evoked quantal release by a 
conditioning nerve impulse has a negative temperature 
coefficient (Eccles, Katz and Kuffler, 1941; Thies, 1965)« 
This effect has been attributed to a smaller reduction of 
n by the conditioning impulse, as temperature is reduced 
(Thies, 1965)* However it is generally assumed that 
facilitntion represents an increase in the release
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parameter p (Mallart and Martin, 1968), rather than a 
change in n. There is no data showing conclusively that 
this is the case, and accordingly no data showing the 
effects of temperature on this postulated increase in p.
Feng (1941) has found that decreased temperature 
increases both the time for full development, and the 
duration, of the post-tetanic potentiation observed in a 
neuro-muscular preparation. Similar effects are generally 
' observed at other synapses (Hughes, 1958). However,
Walker (1951) has found reduction in the temperature 
abolished the normal post-tetanic porentiation of twitch 
tension observed in the rat.
It is apparent that no comprehensive picture of the 
effects of temperature of transmitter release is presently 
available. However as the response of the various 
transmitter release parameters to changes in temperature 
may provide some insight into their nature and properties, 
an extensive investigation has been made of the effects 
of temperature on transmitter release at the mammalian 
neuromuscular junction.
RESULTS
Effects of temperature on spontaneous transmitter release 
M.e.p.p. frequency was recorded continuously from 
single endplates as the bathing solution temperature was
FREQUENCY FREQUENCY
Fig. 32 The relationship between temperature and 
m.e.p.p. frequency. The ordinates indicate m.e.p.p. 
frequency, in A on a linear scale and in B on a 
logarithmic scale. The abscissae indicate the 
bathing temperature, in A in °C on a linear scale and 
in B in °Kelvin on a reciprocal scale. A junction was 
heated from 7 ^ to 39*3 C, and m.e.p.p.s recorded 
continuously. Each point represents the mean m.e.p.p. 
frequency within a given temperature range and is 
placed in its center. Same data shown both in A and 
in B .
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increased slowly (lC°/min) from 10°C to 38°C and back to 
10°C. Results of a typical experiment are shown in Figure 
32A. The response of m.e.p.p. frequency to temperature 
changes is complex, and does not at all approach the linear 
function expected on an Arrhenius plot (Figure 32B) if a 
single reaction was rate-controlling throughout the 
temperature range (Hearon, 1932). The relationship with 
temperature shows three general sections; a response with 
a positive temperature coefficient at temperatures below 
about 20°C; a region between 20 and 30°C with a negative 
temperature coefficient; and above 30°C, an increasing 
release rate with temperature with a high Q-^ q » It can be 
seen that the observed of the relationship between
temperature and spontaneous release rates depends markedly 
on the temperature range at which it is determined, so 
explaining the apparent discrepancy in the results of
Boyd and Martin (1936a) and Feigen et al (1963)*
Effects of temperature on e.p.p. quantal content
The effect of temperature on e.p.p. quantal content 
was determined at three neuromuscular junctions in 
preparations where the transmitter release had been 
markedly depressed by exposure to a raised magnesium 
concentration. At two of the junctions (Figure 33A, 
filled squares; circles with dots), the [Mg] was
“r A
3 10
< 10
Figure 33* The relationship between temperature and 
transmitter release in the presence of raised [Mg].
A. E.p.p. quantal content (ordinate) determined at various 
temperatures (abscissa) from two junctions exposed to a 
[Mg] of 1.2 X 10 M (dotted circles, filled squares) and 
from one junction exposed to a [Mg] of 1.5 X 10 M 
(filled circles). B shows m.e.p.p. frequency (ordinate) 
and C shows mean m.e.p.p. amplitude (ordinate) at various 
temperatures (abscissa) for the junction whose quantal 
content was plotted in A with filled circles.
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1.2 X 10 M, and e.p.p. quantal content was determined by 
the variance method; at the third, the [Mg] was 1.5 X 
10  ^M, and m.e.p.p. amplitudes (Figure 33C) and m.e.p.p. 
frequency (Figure 33B) were recorded continuously, e.p.p. 
quantal content (Figure 33A) being determined from the 
ratio of mean e.p.p. to mean m.e.p.p. amplitude, or from 
the number of failures (see Methods). As reported by Boyd 
and Martin (1956a), m.e.p.p. amplitude fell slightly as 
the temperature was elevated. M.e.p.p. frequency showed 
the same general relationship with temperature observed 
in normal solutions. E.p.p. quantal content was found to 
have a maximum at 20 to 25°C, showing both the positive 
temperature coefficient of quantal content in Mg-blocked 
preparations below 20°C (N. Takeuchi, 1958)» and the 
negative temperature coefficient observed above 24°C by 
Hofmann et al (1966). There is an interesting correlation 
between the effect of temperature on e.p.p. quantal content 
and its effect on m.e.p.p. frequency in the range below 
30°C, both showing a maximum response at about 20°C. This 
correlation suggests that a common system of two (or more) 
reactions may be determining the temperature relationship 
of both spontaneous and evoked release below 30°C; and also 
that the reaction system leading to the marked acceleration 
of m.e.p.p. frequency above 30°C is not accelerated by the
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Figure 3^* The relationship between e.p.p. quantal content 
and temperature in curarised preparations. Each point on 
the graph represents the mean £ 1 S.E. of 7-12 determinations 
of quantal content from junctions in preparations bathed 
at that particular temperature. Abscissa: temperature in
°C. Ordinate: e.p.p. quantal content.
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nerve impulse, at least in preparations exposed to raised 
[Mg]. To assess whether the raised [Mg] may have been 
affecting the form of the temperature-quantal content 
relationship above 30°C (cf. Hofmann et al, 1966), e.p.p. 
quantal content was determined in curarised preparations 
bathed in otherwise normal solutions at 10, 15, 20, 30»
34 and 38°C. Estimates were made from 7-12 junctions at 
any one temperature. As Figure 34 shows, e.p.p. quantal 
content had the same general relationship with temperature 
in curarised preparations as was found for Mg-blocked 
preparations. There was no evidence of the positive 
temperature coefficient in the range above 24°C reported 
for the curarised rat diaphragm-phrenic nerve preparation 
by Hofmann et al (1966). The results shown in Figure 34 
could also be confirmed by experiments in single cells 
followed over a wide range of temperatures (see below), 
so that the reality of the observed relationship, for 
this preparation, is assured.
Factors relating to the determination of n and p
In experiments reported below, p and n were determined 
in curarised preparations over a range of temperatures.
It is necessary to assume that transmitter mobilisation 
into the readily available store is insignificant during 
the determination of n, or falsely high values of n will
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be obtained as the rate of transmitter mobilisation is 
increased. As temperature has been reported to increase 
transmitter mobilisation (A. Takeuchi, 1958; Hofmann et al, 
1966), several experiments were performed to assess the 
importance of variations of transmitter mobilisation on 
estimates of n.
Endplate potentials resulting from brief tetanic 
stimulation of the phrenic nerve ( 40 pulses at 25/sec) 
were recorded from 20 separate junctions in curarised 
preparations bathed at 30°C. The amplitudes of successive 
e.p.p.s in each series were expressed as percentages of 
the amplitude of the first e.p.p. The average response 
was then determined by taking, for successive members of 
the train, the mean of the percentage values for the 
corresponding members of the 20 individual tetani. The 
average responses to 40-pulse tetani at 50» 100 and 200/sec,
at 30°C, were also similarly determined. If mobilisation 
was contributing significantly to estimates of n, n would 
be elevated as the time between successive e.p.p.s in the 
train was increased. Estimates of n were made, as 
described in the Methods, for each of the four averaged 
responses. The graphs used to estimate n, in which the 
transmitter release evoked by a nerve stimulus is plotted 
as a function of the total transmitter released by all the
100 Q
50/SE C25/SEC
o o o o
100 n.
100/SEC 200/SEC
»  600
Figure 35» The effect of varying the frequency of nerve 
stimulation on estimates of n, the store of transmitter 
readily available for release. Each graph shows the 
amplitude of successive e.p.p.s in response to tetanic 
nerve stimulation (ordinate) plotted as a function of the 
total amplitude of all e.p.p.s previously evoked during 
the tetanus (abscissa). All measurements are expressed as 
a percentage of the amplitude of the first e.p.p. evoked 
by the stimulation. Each point represents the mean of 
20 experiments (see text). The frequency of nerve 
stimulation is stated above the appropriate graph. The 
abscissal intercept of the extrapolation of the rapidly 
descending parts of the curves provides an estimate of n 
(see Methods) .
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preceding stimuli, are shown in Figure 35« The initial 
rapidly decaying sections of all four curves extrapolate 
to closely similar values of n, despite an eight-fold 
variation in the interval between e.p.p.s in the data 
studied. It was therefore concluded that any temperature- 
induced variation in transmitter mobilisation would 
similarly have little effect on estimates of the readily 
available transmitter.
Elmqvist and Quastel (1965a) have recently proposed 
the following scheme to explain the successive e.p.p. 
amplitudes recorded in response to rapid tetanic nerve 
stimulation:
M l  P
transmitter___ transmitter ^  transmitter
store 2 store 1 release
M-l
where store 2 is large; store 1 is relatively small, and 
represents the readily available transmitter; the effect 
of the nerve action potential is to transiently greatly 
increase p; and overall movement of transmitter from store 
2 to store 1 represents transmitter mobilisation. Advantage 
was taken of the data on the average e.p.p. amplitudes in 
response to brief tetanic nerve stimulation at various 
frequencies to make an assessment of this model. A simple 
Fortran computer program (Figure 37) was written
25 / sec 100 /  sec
20 -
0  -
c
100
80
60
40
20
0
50/,
- V\
D
40 -
Fig. 36. Average e.p.p. amplitudes resulting from 
brief nerve stimulation at 25 (A), 50 (B), 100 (C) 
and 200/sec (D), and theoretical curves based on the 
model of Elmqvist and Quastel (1965a). For details, 
see text.
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simulating the behaviour of the model, also incorporating 
the possibility of a facilitation effect acting on p, this 
effect decaying as the sum of two exponentials (cf. Maliart 
and Martin, 1967» 1968). As observed by Elmqvist and Quastel 
for their data, the model under estimated the ability of 
the nerve terminals to maintain e.p.p. quantal content 
as the frequency of stimulation was increased. This effect 
is illustrated in Figure 36, which shows the experimental 
data, and the corresponding computed estimates from the 
model, using constants chosen to explain the data for 
stimulation at 25/sec. A facilitated value of p following 
the nerve action potential was assessed as a possible 
explanation of the cause of this discrepancy. The computed 
results showed that a slowly decaying phase of facilitation 
of p (e.g. with a time constant of more than 100 mSecs 
(cf. Maliart and Martin, 1967)) could well explain the very 
small increases in e.p.p. amplitude occurring after the 
initial rundown in each data set. However they also showed 
that the level of transmitter release maintained after the 
initial rundown was rather insensitive to changes in p, 
and such a facilitation effect on p appeared unlikely to 
be an explanation of the discrepancy between the 
experimental results and the predictions of the model.
C EPPAMP=TRANSMITTER GUT PUT AS PERCENTAGE OF
C F I RST  EPP OF SERIES
C FRF.') MJFNCY OF STI MULATION
C STURF1, STORE?=AS FUR MODEL
C F X I N tFXOUT AND P EQUIVALENT TO K 1 , K - 1  AND P
C OF MODEL
"C PRTJB = P ~FCP7'-TTTTTTAr-T"PP"' OF "S E RT ES~
PI  IN I T , P 2 I N I T = I NSTANTANEOUS INCREASES IN P 
C INDUCED BY CONDI T I ONI NG NERVE IMPULSE
C DECAY1»DECAY2=TIME CONSTANTS OF EXPONENTIAL
C DECAY OF P 1 I N I T ,  P 2 I N I T
D I MENSION E PP AMP( 4 0 ) , FREQ( 4 )
C F X I N , PROB, PI  I N I T , P 2 I N I T , DECAY I , DECAY 2 AND
C STORE 1 SUPPLIED AS DATA
FRE Q ( 1} =2 5 .
FREQ(2 ) =5 0.
F RE Q ( 3 ) = 100 .
______  FRSQ( 4 ) = 2 00«
DO 10 1 = 1 , 4  
STQRE2=10 0 . /PROB 
F XOUT=F XIN*STORE 1 /STORE?
AM SE C S= 1 OUO . / FREQ ( I )
TTSFC~S=A MSEC'S ....~
PI = 0 .
P2 = 0 .
________ DO 2 J = 1 ,4 0 ________________ ___________________________
F=PR P IT  P2
P1=PL I N I  T+Pl
P I = P 1 *F A P ( - AMSECS/DECAY1)
P2 = P2 I N I  T+ P2
A M - A  A s o :: 0 /  : P C  ? )
EPPAMP( J ) =S TÜRE2*P 
STORE?= STORE?-EPPAMP( J )
DO 3 K = L , MSECS
F LUX = F XI N*STORE 1 -EX GUT*ST0RE2 
SI ORE2 = S TOR E2 + F LUX 
3 STORE I = S TÜRE 1 -FLUX 
2_ CONTI NUE
- ■ i Tr  0 , 5 5 )  FRF OU )
05 FORMAT ( / / '  FREQUENCY OF ST I MULAT ION * , F 5 . 0 )  
WRITE ( 3 , 5 )  ( EPPAMP( L ) ,  L = l , 4 0 )
5 FORMAT (1 OF 1 0 . 2)
TU CTTNTTNUE 
STOP 
END
Fig. 3 7 *  Simple Fortran computer program simulating the 
behaviour of the Elmqvist and Quastel model. See text.
125
A more likely explanation would appear to be that the 
relationship between stores 1 and 2 is more complex than 
that envisaged in the model.
The model of Elmqvist and Quastei» incorporating 
both a small and a larger store of transmitter, explains 
simply several effects of prolonged nerve stimulation on 
transmitter release. Firstly, it has been frequently 
observed that a slow decline in e.p.p. quantal content 
accompanies prolonged tetanic nerve stimulation (del 
Castillo and Katz, 195^c; Brooks and Thies, 1962;
Elmqvist and Quastel, 1965a) and this effect has been 
explained on a slow depletion in store 2 of the model 
(Elmqvist and Quastel, 1965a)* Similarly, gradual 
resynthesis of this large store would readily explain the 
slow time course of recovery of n observed after 20 mins, 
nerve stimulation at ll/sec. (Figure 12). It also 
provides an explanation for an effect observed during the 
experiments on post-tetanic potentiation reported below. 
This effect was that if a brief test tetanus of nerve 
impulses was applied at a short fixed time after the end 
of a 500 stimulus conditioning nerve tetanus, not only 
was n depressed below control levels, but also the e.p.p. 
amplitudes maintained during the tetanus, after the
100»
%
20°C
V
500 % 1000
Fig. 38. Data on the average e.p.p. amplitudes 
resulting from brief tetanic nerve stimulation 
(10 stimuli at 50/sec) at various temperatures. 
The data has been plotted in the manner used in 
Fig. 35, to obtain estimates of p and n.
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initial 'rundown', were lower than the corresponding 
e.p.p.s in the conditioning nerve tetanus; i.e. transmitter 
'mobilisation* was reduced. No such effect was observed 
if the conditioning tetanus contained only 40 stimuli, 
rather than 500* Presumably the reduced mobilisation was 
due to a depletion in Store 2 produced by the prolonged 
nerve stimulation, for p, the other factor affecting 
mobilisation at any set frequency of stimulation, was 
increased rather than reduced by a conditioning nerve 
tetanus (see below).
Effects of temperature on the transmitter release 
parameters p and n
The effects of temperature on p and n were 
determined by the following experiments. Average e.p.p. 
amplitude responses to brief tetanic nerve stimulation 
(10 stimuli at 50/sec.) were determined by pooling data 
from eight to ten individual junctions, in the manner 
described above. This was done at temperatures of 10,
15, 20, 34 and 38°C. Data at 30°C was already available 
(Figure 35)* The observations were plotted in the manner 
normally used to determine p and n, and are shown in 
Figure 3 8 .
Estimates of p are independent of the units in which 
e.p.p. size is measured, and could be made directly from
0 . 3
P
0 . 2 -
0 . 1 -
0 1 « *  » - *
0 10 20 30 °c 40
2 , 0 0 0
1,000
Figure 39* The relationship between temperature 
and the transmitter release probability, p. Ordinate: 
p. Abscissa: temperature, in ° C . B. The relationship
between temperature and the readily available store of 
transmitter, n. Ordinate: n, in quanta. Abscissa: 
temperature, in ° C . C. The relationship between 
facilitation and temperature. Ordinate: (p -p^) X
100/p^, where p^ and p^ are the release probabilities 
for the first and second nerve impulses respectively 
in series evoked at 50/sec. Abscissa: temperature,
in °C . The relationships in A, B and C were determined 
from the data of Fig.3 8 .
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the data of Figure 38. The results obtained are shown in 
Figure 39A. They show that p has a relationship with 
temperature which is very similar to that observed for 
e.p.p. quantal content, p rising to a maximum at about 
20°C, and then decreasing with further elevation of 
temperature.
The relationship between n and the size of the first
e.p.p. of the response to tetanic nerve stimulation can
be readily obtained from the data of Figure 38, and it
is only necessary to know the quantal content of the
first e.p.p.s of each of the averaged trains of e.p.p.s
to find the relationship between n, the readily available
transmitter, and temperature. This data on the quantal
content of the initial e.p.p.s at various temperatures
was obtained from the smooth curve drawn through the
ßresults shown in Figure 39j^ . The relationship between 
n and temperature is shown in Figure , The results
show that n increases over most of the temperature 
range examined, although it does appear to be near a 
maximum in the range above 30°C.
These effects of temperature on p and n were 
determined by pooling the result of many cells in order 
to get values representative of the whole population of 
nerve terminals in the preparation. Similar results
10000
3-0 C
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1000
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stimuli/sec
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Figure 4o. The relationship between transmitter 
mobilisation and temperature. In A, the graph shows 
transmitter mobilisation, in quanta/sec. (ordinate), 
plotted as a function of the frequency of nerve 
stimulation (abscissa), at various temperatures. 
Mobilisation was determined from the mean quantal 
content of the twenty-first to fortieth e.p.p.s evoked 
by brief tetanic nerve stimulation at various frequencies. 
The filled squares, filled circles, open squares and open 
triangles represent the mean results from pairs of 
cells studied at 10, 20, 30 and 38°C respectively. In
B, an Arrhenius plot (ordinate: transmitter
mobilisation, in quantal/sec. plotted on a logarithmic 
scale; abscissa: l o V  absolute temperature) has been
made of the maximum rates of transmitter mobilisation 
attained at various temperatures in the experiments whose
results are shown in A.
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were also obtained by recording data from single junctions 
while the temperature was varied (see below).
The effect of temperature on transmitter "mobilisation"
In a series of experiments, the mean amplitude of 
the twenty-first to fortieth e.p.p.s in response to 
tetanic nerve stimulation (40 stimuli) was determined for 
single junctions, for a wide range of stimulus frequencies. 
Two cells were studied at each temperature - 10, 20, 30 
and 38°C. For each cell, quantal size was calculated 
(see Methods) from the variance of the amplitudes of 
e.p.p.s evoked by stimuli at O.l/sec. The mean quantal 
content of the twenty-first to fortieth e.p.p.s in any 
tetanus could then be determined. The results are shown 
in Figure 40A, where mobilisation ordinate, that is the 
mean quantal content of e.p.p.s 21 to 40 in each tetanus, 
multiplied by the frequency of nerve stimulation, has 
been plotted as a function of the frequency of stimulation 
(abscissa), on logarithmic coordinates. The quantal 
contents obtained at stimulus frequencies of 0. l/sec. 
for the particular cells of these experiments were of the 
general range observed for cells at that particular 
temperature (cf. Figure 3^)* As ‘the frequency of 
stimulation was increased, mobilisation also increased 
until a maximum rate was reached for each particular cell.
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These maximum rates for each cell were used to make an 
Arrhenius plot of the relationship between temperature 
and transmitter mobilisation rates (Figure 40B). The 
relationship is approximately linear. The mobilisation 
process is highly temperature dependent, an activation 
energy of 25 Kcal./C° being calculated from the data.
No systematic study was made of the effects of 
metabolic inhibitors on the process. However, the mean 
quantal content of the last 20 e.p.p.s resulting from 
40 nerve stimuli at 50/sec. were determined from 15 
junctions in a preparation exposed for 2 hrs. at 30°C 
to a glucose-free bathing solution. The mobilisation 
rate calculated for this data was not significantly 
different from the rate similarly determined from 
16 junctions in the preparation before exposure to the 
glucose-free solution. Also E.M. Landau (unpublished 
observations) has found no marked alterations in 
transmitter mobilisation in preparations exposed to 
solutions containing antimycin-A or sodium iodoacetate.
Effects of temperature on facilitation
The assumption that facilitation of transmitter 
release is due to an increase in p satisfactorily explains 
many observations (Mailart and Martin, 1967» 1968), and 
is in accord with the hypothesis of Katz and Miledi
130
(1965a,1968) that the phenomenon is due to an alteration 
in [Ca] at a site where it is active in transmitter 
release, for the effect of Ca on evoked release is 
exerted on p, rather than n (Elmqvist and Quastel, 1965a). 
However, there is no direct evidence that facilitation 
is indeed caused by a relative increase in p, rather than 
n; Hubbard (1963) has suggested that facilitation is due 
to a Mobilisation* of transmitter, presumably leading 
to a relative increase in n.
The analysis introduced by Elmqvist and Quastel 
allows of a possible method for deciding this issue. If 
facilitation increases n, higher estimates of n should 
be obtained by analysis of e.p.p.s resulting from tetanic 
stimuli as the frequency of stimulation is increased.
On the other hand, if the increase is in p, greater 
e.p.p. amplitudes should be apparent at higher 
frequencies of stimulation on the usual plot used for 
estimating n and p, but the abscissal value to which the 
curves extrapolate (i.e. n) should be unaltered. There 
are two problems in applying this analysis. One is that 
as the interval between nerve stimuli is increased, 
mobilisation of transmitter into the readily available 
store also increases. Although this effect is probably 
small (Figure 35)> it could be that it is sufficient to
2Qr A
Fig. 41# The effect of increased facilitation of 
transmitter release on the parameters p and n. Each graph 
shows the e.p.p.s, plotted in the manner of Fig. 35 » 
recorded from a junction in response to nerve stimulation 
at 10/sec (open squares) and 50/sec (closed circles). The 
ordinates and abscissae are calibrated in arbitrary units 
of e.p.p. amplitude.
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compensate and mask a faeilitation-induced increase in n 
at higher stimulus frequencies. The second problem is 
that facilitation in curarised preparations is generally 
small, and whether the effects are on p, or on n, is 
difficult to assess.
The data of Figures 38 and 40 suggest these 
problems may be largely overcome at low temperatures. 
Transmitter mobilisation into the readily available store 
is greatly reduced, and facilitation, expressed simply 
as the ratio of the second to the first e.p.p. of a 
series, is greatest at these temperatures.
E.p.p.s, recorded from single junctions, were 
evoked by .10 - 15 nerve stimuli at 10/sec. and 50/sec. 
in preparations maintained at 10°C. Five minutes were 
allowed between each set of stimuli, and the order in 
which any one junction was stimulated was varied. The 
data was analysed in the usual manner for estimates of n 
and p. It was found that the facilitation of evoked 
release induced by increasing the test stimulus frequency 
(Braun, Schmidt and Zimmerman, 1966) from 10/sec. to 
50/sec. was due to an increase in the release probability, 
p, rather than to an effect on n. Data from two cells, 
representative of the results obtained, are shown in 
Figure 4l. It can be seen that the e.p.p.s evoked at
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50/sec. released more transmitter for any given degree of 
store depletion than those evoked at 10/sec.; extrapolation 
of the curves of the abscissa showed that there was little 
difference between the estimates of n at 10/sec. or 
50/sec.
Estimates of the percentage increase in the release 
probability for the second e.p.p. relative to that for 
the first e.p.p. were made for each of the series of 
e.p.p.s recorded at various temperatures (Figure 38).
The relationship between this increase in release 
probability and temperature is shown in Figure 39C.
The results show a clear increase in the facilitation 
process as the temperature is reduced.
It has been suggested that facilitation is due to 
accumulation of Ca ions at a site where they lead to 
transmitter release, and that their removal from this 
site is an active process (Rahamimoff, 1968). The 
negative temperature coefficient found for the 
facilitation in p supports this hypothesis. Rahamimoff 
and Colomo (quoted by Rahamimoff, 1968) have found 
ouabain to increase facilitation. It was therefore 
decided to assess the effects of ouabain and also lack 
of glucose, on facilitation in the rat diaphragm 
preparation.
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The amplitudes of e.p.p.s evoked by phrenic nerve 
stimulation (10 stimuli at 100/sec,) were recorded from 
20 junctions in a preparation before and during exposure 
at 35°C for 7 to 20 mins to a solution containing 4.2 X
-410 M ouabain« The average responses were calculated by 
pooling the data as for Figure 33» and the release 
probability for the first and second e.p.p.s in each series 
was calculated. The release probability for the first 
e.p.p. of the series recorded during exposure to ouabain, 
0.243, was considerably higher than that recorded in the 
normal bathing solution, 0.137* This effect is consistent 
with the increase in e.p.p. quantal content which ouabain 
induces (Gage, 1966). However, in ouabain, the percentage 
increase in the value of p for the second e.p.p. was 4.0, 
not significantly different from the value of 3*3 per cent 
recorded in the normal bathing solution, A similar 
investigation was made for preparations exposed to 
glucose-free solutions for 2 hrs at 30°C. The 
release probability for the first e.p.p., 0 .258, was
also higher than that for normal bathing solutions,
0.194* Again, no clear change in the facilitation for 
the second e.p.p. was found, the value being 10.8 
per cent, compared with 11.1 per cent for the normal 
bathing solution. The same absence of an effect 
of glucose lack of facilitation was observed in
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preparations where evoked transmitter release had been
-2markedly reduced by addition of 1.5 X 10 M-Mg to the
bathing solution. At these low quantal contents,
facilitation is more marked (Mailart and Martin, 1968).
Pairs of e.p.p.s resulting from nerve stimuli 10 mSec
apart were recorded from junctions in two preparations
bathed at 30° C. One of these preparations had been
- 2exposed for 2 his to a 1.5 X. 10 M-Mg bathing solution
with no added glucose. The second preparation was bathed
-2with a 1.5 X 10 M-Mg, glucose-containing solution.
Ten to twenty pairs of e.p.p.s were recorded from each 
of 27 junctions in the first preparation and 2k junctions 
in the second preparation. The mean increase in the 
amplitude of the second e.p.p. of each pair was 49 per 
cent for the preparation exposed to glucose-free solution. 
The value obtained in the control preparation, 51 per 
cent, was not significantly different.
The foregoing results on evoked transmitter release 
were well summarised and confirmed by experiments in 
single cells, in which e.p.p.s evoked by tetani (40 
pulses at 100/sec.) were recorded at 1 min. intervals 
as the temperature was varied over the range 10 to 40°C. 
The store of readily available transmitter, the release 
probability, and facilitation were determined in the
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Fig. 42 The relationship between temperature and the 
various release parameters. The data were obtained 
from a single junction in a preparation blocked with 
1.5.10"^g/mp (+)-tubocurarine. The preparation was 
cooled from 380 to 12°C (open circles) and then again 
heated to 40°C (closed circles). Sample tetanic 
trains (at 100/sec) at various temperatures are shown in 
A. Ordinates indicate: B, quantal content of first
e.p.p. in the tetanic train (m). C, immediately 
available store of quanta (n)• D, average release 
probability (p ). E, quantal size (q) in (lV. F, 
sustained tetanic release (dm) in quantal units. G, 
dp calculated as 100 x (p2~Pl)/Pl* For details see 
text. A regression was fitted to the various q estimates 
and its values used to convert m, n, and dm into 
quantal units.
Corresponding points in the figures B to G were 
obtained from the same tetanic train. Abscissae 
indicate temperature in ° C .
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usual manner from, the rundown in amplitude of the first 
few e.p.p.s of each tetanus, while quantal size was 
calculated from the variance of the last 20 e.p.p.s of 
each tetanus, and mobilisation was estimated from the 
mean amplitude of these e.p.p.s. The disadvantages of 
the experiment were that estimates of quantal size made 
from the small e.p.p.s in the tail of a tetanus were not 
particularly reliable, and so showed a considerable 
scatter, and that at a stimulus frequency of 100/sec., 
maximum mobilisation rates were not observed at 
temperatures above 30°C (Figure 4o) . Figure 42 shows 
typical results; there was no apparent trend in quantal 
size; e.p.p. amplitude (and hence quantal content), and 
also p, show a maximum value in the range 20~30°C; 
n increased with temperature up to 30° C , but increased 
only slightly with temperatures above 30°C; facilitation 
decreased as temperature was increased; and mobilisation 
increased with temperature, although the maximal rates 
for temperatures above 30°C were not attained.
Effects of temperature on post-tetanic potentiation 
The effects of temperature changes on the post- 
tetanic potentiation (PTP) of evoked transmitter release 
were assessed in both curarised preparations and in 
preparations where the e.p.p. quantal content had been
secs
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Fig. 43. The relationship between post-tetanic potentia­
tion and temperature. A and B show results of experiments 
in which e.p.p.s. were evoked at 1 sec intervals before 
and after conditioning phrenic nerve stimulation (500 
stimuli at 50/sec), this procedure being performed at 10°C 
(filled squares), 20°C (open circles) and 30°C (filled 
triangles). Each point in the graphs shows ehe mean 
amplitude of 15 e.p.p.s. expressed as a percentage of 
the amplitude of e.p.p.s. evoked before the conditioning 
nerve stimulation (ordinate), plotted as a function of 
the time, in secs, at which they were recorded following 
the conditioning stimulation. In A, transmission was 
blocked by d-tubocurarine. In B, transmission was 
blocked by raising theQMg^J of the bathing solution 
to 15 mM.
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markedly reduced by raising the [Mg] of the bathing 
solution. Post-tetanic potentiation was assessed by 
recording, from a single junction, the amplitudes of 
e.p.p.s evoked at 1 sec. intervals before and after 
conditioning nerve tetani (500 stimuli at 50/sec). This 
procedure was employed at various temperatures, recording 
from one junction throughout the experiment. Twelve to 
fifteen minutes were allowed between conditioning tetani 
except at 10°C, when twenty minutes was allowed before a 
further conditioning tetanus. For individual experiments, 
the sequence of the temperature changes varied; however 
the results appeared unaffected by the order in which the 
changes were made. Representative experiments using 
curarised and Mg-blocked preparations are shown in 
Figures 43 A and B respectively. Both experiments show 
the marked effects of lowering the temperature of the 
bathing solution on PTP. Low temperature delayed the 
onset of PTP, and greatly increased both the maximum 
potentiation attained and the duration of this potentiation.
Interpretation of these results is complicated by 
the effects of depletion of the readily available 
transmitter store produced by the conditioning tetanus.
This effect is most evident in curarised preparations, 
and slow recovery of this store may well be the factor
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determining: the delayed onset of potentiation of e.p.p.s 
recorded from curarised preparations at low temperature. 
It may also explain the delayed onset of FTP in Mg- 
blocked preparations at low temperature, for even when 
the mean e.p.p. quantal content has been reduced to the 
range of say 2-10, the amount of transmitter released in 
10 secs by a 500 pulse conditioning tetanus may be 
several times the initial readily available store of 
transmitter, n.
In order to further define the nature of PTP, 
experiments were performed analysing the changes in the 
quantal content of e.p.p.s evoked at various times after 
a conditioning tetanus to define the alterations in p 
and n which follow such a tetanus. The form of the 
experiments was to record the amplitudes of e.p.p.s 
resulting from tetani of 40 nerve impulses at 100/sec. 
(or occasionally 50/sec. when at 10°C some nerves failed 
to conduct 100 stimuli/sec.), these being applied 
immediately before, and at a variable interval after a 
conditioning tetanus of 500 stimuli at 50/sec. Many 
experiments were performed, varying both the bath 
temperature and the delay between the end of the 
conditioning tetanus and the start of the second brief 
40-pulse tetanus. Experiments were repeated to obtain
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Figure 44, The relationship between temperature and 
the changes in p and n following conditioning nerve 
stimulation (500 stimuli at 50/sec). A and B show 
respectively estimates of p and n, expressed as a 
percentage of similar estimates made before the 
conditioning stimulation (ordinate), plotted as a 
function of the time, in secs, at which the estimates 
were made following the stimulation (abscissa). The 
filled circles, filled triangles, open circles and 
filled squares show results of experiments performed 
at 10, 20, 30 and 38°C respectively. Neuromuscular
transmission was blocked by d-tubocurarine. For 
further details, see text.
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data from several cells at any one combination of 
temperature and delay. The amplitudes of the e.p.p. 
resulting from the various pairs of 40-pulse tetani were 
analyzed in the usual manner for estimates of n and p 
(see Methods). Composite curves were thus obtained 
showing the time course of changes in these parameters 
at various temperatures following a conditioning nerve 
tetanus.
These curves are shown in Figure 44. .As expected 
from the results of Liley and North (l953)> PTP is 
mediated through an increase in p, the probability of 
transmitter release. There is no evidence of any phase 
of absolute increase in n following nerve stimulation. 
Quantitative considerations suggest strongly that the 
initial relatively low values of p following stimulation 
are an unavoidable artefact of the determination of p and 
n under such conditions. If a brief nerve tetanus is 
applied at a time when the instantaneous amount of 
available transmitter is very low (e.g. shortly after 
tetanic nerve stimulation), the concurrent high rate of 
transmitter mobilisation induced by the marked depletion 
in n may almost balance the small evoked quantal release 
(in absolute terms) which also results from low values 
of n. The effect of this is to produce a smaller
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’rundown’ in successive e.p.p. amplitudes in the response 
to a brief nerve tetanus, with consequent overestimation 
of n and underestimation of p. Heeding these 
considerations, the true form of p changes following a 
conditioning nerve tetanus may well be a simple monotonic 
decline towards control levels. The results in Figure kh 
show clearly that, as for the decline in p following a 
single nerve impulse, the time course of these changes 
in p induced by tetanic nerve stimulation is similarly 
markedly shortened by elevation of temperature.
As expected from the effects of temperature changes 
on maximum transmitter mobilisation rates (Figure 4o), 
the recovery of readily available store of transmitter, 
n, was greatly accelerated by raising the temperature of 
the preparation. The recovery appeared to be 
approximately exponential in form.
DISCUSSION
The foregoing results show that for both curarised 
preparations, and preparations where evoked transmitter 
release had been markedly reduced by raising the [Mg] of 
the bathing solution, e.p.p. quantal content is at a 
maximum in the general temperature range 20 - 30°C, both 
decreases and increases of temperature beyond this range
i4o
reducing e.p.p. quantal content. The results also show 
that the form of this relationship is due to the 
temperature dependence of p, the transmitter release 
probability, which similarly reaches a maximum between 
20 - 30°C, falling markedly with reduction or elevation 
of temperature beyond this range.
Such a relationship of p with temperature may simply 
represent the balance of the effects of temperature on 
the nerve action potential. Thus the increasing values 
of p as temperature is elevated in the range up to 20°C 
may result from the increasing nerve action potential 
amplitude which is known to occur at these temperatures 
(Gasser, 1928; Chatfield, Battista, Lyman and Garcia, 
1948), while the decreasing duration of the nerve 
action potential which accompanies temperature elevation 
(Gasser, 1928; Hodgkin and Katz, 1949; Katz and Miledi, 
1963d., 1967fr) may predominate and be responsible for
the fall in p as temperature is raised beyond 30°C. 
However, m.e.p.p. frequency appears to have a similar 
relationship with temperature below 30°C, first 
increasing, and then falling with temperature reduction 
below 30°C. This suggests that the changes of p with 
temperature may be at least partly due to processes 
common also to spontaneous transmitter release,
l4l
rather than to variations in the form of the nerve action 
potential.
Temperature induced changes in nerve terminal 
membrane potential might be thought to provide an 
explanation of the data. However while such hyper­
polarisation would explain well the increases in p and n 
produced by raising the temperature in the range below 
20°C, it would predict an accompanying decrease in 
m.e.p.p. frequency (Liley, 1956) rather than the increase 
that occurs. Similarly, nerve terminal depolarisation, 
which results from temperature elevation in the range 
above about 20°C in the squid (Hodgkin and Katz, 194-9), 
and might similarly occur in a mammalian preparation, 
would produce an acceleration in m.e.p.p. frequency, 
rather than the reduction that is observed with temperature 
elevation between 25 and 30°C. Even the marked 
acceleration in m.e.p.p. frequency which results from 
raising the temperature in the general range 35 - 40°C, 
and which is accompanied by a fall in p and smaller 
elevations of n than are observed at lower temperatures, 
appears unlikely to be explained by nerve terminal 
depolarisation. Similar temperature-induced increases
in m.e.p.p. frequency are observed in preparations
_2exposed to 1.5 X 10 M - Mg, which strongly inhibits
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the effect of nerve terminal depolarisation on spontaneous 
transmitter release rates (Liley, 1956).
These considerations suggest that mechanisms other 
than changes in the nerve action potential and nerve 
terminal resting potential may be determining the observed 
relationships between e.p.p. quantal content, p, m.e.p.p. 
frequency, and temperature. For example, in terms of 
the kinetic scheme formulated in Section 2, increases 
either in the amounts of the receptor X^, or in Ca- 
binding by X^, could explain the concurrent increases 
in e.p.p. quantal content, p, and m.e.p.p. frequency 
which are observed with temperature elevation in the 
range below 20°C. An increase predominantly in the 
activity of X, and /or Ca X species other than Ca^X, 
could explain the increases in m.e.p.p. frequency in the 
higher temperature ranges, which are unaccompanied by 
increases in e.p.p. quantal content or p. It appears 
unlikely that this high temperature increase in 
spontaneous release rates is due to increased transmitter 
mobilisation and consequent ’overflow’ (Hofmann, Parsons 
and Feigen, 1966). Increases in transmitter mobilisation 
presumably act through increasing n, the available 
transmitter. However it appears unlikely (Sections 1 
and 3 ) that changes in n affect spontaneous transmitter
release rates.
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The demonstration that the facilitation of 
transmitter release produced by a conditioning nerve 
impulse is due to an increase in p, the release
\ C - Q Iprobability, aupportfi1 the hypothesis of Katz and Miledi 
(1968) that facilitation is due to a transient increase 
in [Ca] at a site where Ca is active in transmitter 
release, for the action of Ca on transmitter release is 
similarly to increase p (Elmqvist and Quastel, 1965a). 
Extrusion of intracellular Ca may be an active metabolic 
process (van Breemen, Daniel and van Breemen, 1966), and 
such a mechanism has been suggested by Rahamimoff (1968) 
to explain the decay of facilitation. The present 
experiments, showing a marked increase in the magnitude 
of facilitation with reduction of temperature, support 
such a hypothesis.
This negative temperature coefficient of 
facilitation indicates a possible explanation of the 
falling phases in the responses of p, and m.e.p.p. 
frequency, to elevation of temperature. Katz and Miledi 
(1968) suggest that the rate of removal of Ca from its 
active site may be a factor in the amount of transmitter 
released by a single nerve impulse. Similarly, even the 
spontaneous release rates may depend to some extent on
the rate of removal of Ca from this site. Thus the
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falling phases in the p and m.e.p.p. frequency- 
relationships with temperature may have an origin similar 
to that of the negative temperature coefficient of 
facilitation, namely a temperature enhanced removal of 
Ca from a site where it is active in producing transmitter 
release.
This hypothesis would be supported if agents were 
found which increased both p and facilitation.
Rahamimoff (1968) reports that ouabain increases 
facilitation. In support of the hypothesis, experiments 
in the present investigation showed ouabain to increase 
p. Unfortunately no increase in facilitation was found 
in these experiments. Similarly, glucose deprivation 
elevated p, but did not increase facilitation. Thus 
these experiments provide only slight support for the 
hypothesis. However, it is still possible that these 
agents may be acting to increase primarily the early 
phase of facilitation (Rahamimoff, 1968; Katz and Miledi, 
1968), and that this effect is not detected as 
facilitation by nerve impulses 10 mSec apart.
The experiments on post-tetanic potentiation confirm 
that the magnitude and duration of this phenomenon is 
markedly increased by decreasing the temperature of the 
preparation. Analysis of the PTP changes into effects
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on p and n indicated that at no stage was there any 
significant elevation in n, any potentiation of 
transmitter release being mediated by an increase in p, 
the release probability. The recovery of n following 
nerve stimulation was delayed at low temperatures, and 
this appears an adequate explanation of the slow onset 
of PTP at these temperatures. Slow recovery of n also 
appears to be the most plausible explanation for the 
observation of Liley and North (1953) that the delay in 
development of an absolute potentiation of evoked 
transmitter release increased with the number of stimuli 
in the conditioning tetanus. Increasing depletion of 
the large store in the Elmqvist and Quastel model could 
well explain such an effect. The estimates of p 
immediately following a conditioning tetanus were not 
always the maximum values obtained for p; however this 
appears to be an artefact in the measurement of p, and 
there seems to be little reason to assume anything other 
than a monotonic decay in p towards control values after 
conditioning nerve stimulation. If this is indeed the 
case, it appears quite possible that facilitation and 
PTP may be simply quantitative variants of a basically 
common process. Both phenomena result from conditioning 
nerve stimulation, affect p, the release probability,
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and are increased in magnitude and duration by temperature 
reduction. Furthermore, raised [Ca] increases the duration 
of facilitation (Rahamimoff, 1968), and probably also 
PTP (Elmqvist and Quastel, 1965a). The data reported by 
Hubbard (1963) has been fundamental to the concept that 
PTP is a function distinct from the process responsible 
for facilitation. This data shows there is an early 
and a later phase of increased transmitter release 
following long conditioning nerve stimulation, both in 
curarised preparations, and in preparations when evoked 
transmitter release had been markedly reduced by raising 
the [Mg] of the bathing solution. As mentioned earlier, 
elevation of the [Mg] may still allow a significant 
depletion in n if stimulation is sufficiently prolonged 
and rapid, and mean e.p.p. quantal content is still of 
the order of say 2 or more. It can readily be shown that 
changes such as those reported by Hubbard would be 
expected if, after a conditioning tetanus, n were to 
recover from depleted levels in an approximately 
exponential manner, and p were to recover from elevated 
levels at first rapidly, but then more slowly, e.g. if 
p were to recover as the sum of two exponentials, one 
decaying with a short time constant, the other with a 
much longer time constant. Mailart and Martin (1967,
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1968) have recently investigated quantitatively the 
changes in transmitter release evoked by successive 
nerve action potentials. They have found that the 
facilitation of transmitter release following a single 
nerve impulse shows just such a recovery, i.e. involving 
both a rapid and a slow phase of decline to control 
levels of transmitter release, thus supporting the 
possibility of a common basis for facilitation and 
PTP. A point of difference is that Mailart and Martin 
report no evidence that the exponential decay constants 
of the facilitation process increase with the number 
of nerve stimuli applied. Yet such an increase in one 
or both of the decay constants appears necessary to 
explain the long time course of PTP after prolonged 
conditioning nerve stimulation. However their 
quantitative assessments were concerned only with 
relatively short trains of nerve stimuli, and do not 
exclude such an increase in the decay time constants.
Results which appear to weight against the 
possibility of a common mechanism for facilitation and 
PTP are those of Gage and Hubbard (1966a) which showed 
that ouabain or glucose deprivation reduced PTP. 
Facilitation appears to be unaffected by either ouabain
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or glucose deprivation. However, it is striking that in 
many of the experiments reported by Gage and Hubbard 
(1966a), there does appear to be a post-tetanic change in 
the evoked quantal release which is of the form observed 
in PTP. The reduction in actual potentiation of 
transmitter release appears to result from a mechanism 
reducing absolute quantal content, rather than from a 
reduction of the relative changes occurring after 
stimulation. For example it could be that ouabain or 
glucose caused a reduction in the release probability 
levels maintained during stimulation, and that these 
levels would have been still lower were it not for the 
unaffected action of the facilitation process in increasing 
p. Alternatively it could be that these conditions 
inhibit transmitter mobilisation, so that the evoked 
quantal transmitter release following a conditioning 
tetanus was reduced due to low levels of n, the readily 
available transmitter. This latter explanation appears 
somewhat unlikely for despite the high of
I
transmitter mobilisation, it appeared to be unaffected 
by glucose deprivation, antimycin-A, and sodium 
iodoacetate. Indeed the failure of these agents to 
modify transmitter mobilisation suggests that it is not 
a process immediately dependent on an intact metabolism.
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Speculatively, this failure is consistent with the 
hypothesis that mobilisation represents the diffusion of 
preformed synaptic vesicles from the general cell 
cytoplasm to a region immediately adjacent to the nerve 
terminal membrane, store 2 of the Elmqvist and Quastel 
model on this scheme being the general cytoplasmic 
synaptic vesicle content, and store 1 (n) being that 
population of vesicles having a critical relationship 
with the presynaptic membrane (Curtis and Eccles, i960). 
However the high Q for transmitter mobilisation suggests 
the above hypothesis may be an oversimplification of 
this mobilisation process.
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SECTION 5
A STATISTICAL ANALYSIS OF THE PROCESS OF SPONTANEOUS 
QUANTAL TRANSMITTER RELEASE
INTRODUCTION
Release of transmitter quanta from chemically 
transmitting synapses has been shown to be a stochastic 
process, approximated by the Poisson process (del Castillo 
and Katz, 195^a > Gage and Hubbard, 1 9 6 5 ). However various 
properties of the release system have been suggested 
whereby the transmitter release would be expected to 
deviate from this general Poisson nature.
One possibility is that transmitter quanta are 
released regularly or at least not entirely randomly, 
from active sites in the presynaptic membrane, the 
apparent Poisson nature of the release being due to 
random phasing of the activity of these sites (Fatt and 
Katz, 1952). Secondly, an observed deviation in the 
variance-time curve (see below) from the form expected 
for a Poisson process has been noted by Cox and Lewis 
(l966(iv) $ using data supplied by Fatt and Katz).
Vere-Jones (1966) has shown this observed deviation could 
indicate a limited number of release sites, for which 
quanta 'queued'5 a site, once occupied, taking a finite
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time to release a quantum, during which time it is not 
available for occupation by a further quantum. 
Electronmicrographs showing a tendency for vesicle 
accumulation at discrete sites along the presynaptic 
membrane (Birks, Huxley and Katz, i960) provide a 
morphological counterpart for 'queuing' at a limited 
number of release sites. Thirdly, Burnstock and Holman 
(1962) noted that miniature potentials of a similar 
magnitude often occurred in pairs or triplets, these 
groups separated from each other by considerably longer 
time intervals. Because of the low resting frequencies 
of miniature potentials in their particular preparation, 
they were unable to fully assess the significance of this 
observation. Finally, Martin and Pilar (1964) have 
suggested, on the basis of the amplitude distribution 
of miniature potentials recorded in the chick ciliary 
ganglion, that whenever a quantum is released spontaneously, 
the remaining quanta each have a small probability of 
being released with or shortly after it; i.e. a 'drag' 
effect.
In view of the importance of the presence or absence 
of such deviations in formulating hypotheses relating to 
the transmitter release mechanism, a series of 
statistical tests, which would be expected to detect
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significant deviations of the above nature, has been 
applied to data on the spontaneous release of quanta at 
the rat neuromuscular junction. Because of the possibility 
that calcium ions modify transmitter release by altering 
the number of active membrane sites (del Castillo and 
Katz, 195 -^) > and because of the marked effects of raising 
the bathing potassium ion concentration and nerve 
terminal depolarisation on spontaneous quantal release 
rates, data from terminals subjected to raised bathing 
[CaJ, or raised [k ], or to depolarisation by applied 
currents, has also been analysed.
The general principles applicable to the 
statistical analysis of series of events have recently 
been reviewed (Cox and Lewis, 1966), and a computer 
program performing an appropriate series of tests has 
been described (Lewis and Kelly, 1965). In the present 
investigation, a computer program has been developed, 
based largely on the program of Lewis and Kelly, and 
used in an IBM36O computer to analyse data on spontaneous 
transmitter release. The data was stored in the form of 
punched data cards bearing the intervals between 
successively recorded m.e.p.p.s at neuromuscular junctions 
(see Methods).
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Properties of the Poisson process are summarised in 
Cox and Lewis (l966(i)). One essential feature of the 
process is that the intervals between events have an 
exponential distribution. The close approximation of 
the distribution of the intervals between miniature 
potentials to an exponential distribution has been the 
most frequently demonstrated statistical property of the 
release process at a variety of junctions (Fatt and 
Katz, 1952; Boyd and Martin, 1956a; Liley, 1956b;
Burnstock and Holman, 1962; Blackman, Ginsborg and Ray, 
1963; Usherwood, 1963). In the present investigation, 
the distribution of intervals has been assessed by 
plotting the 'log-survivor function', In (x), where
ü f \ i [ 1  number of intervals ) x -1 
n n'X ' ~ n  ^ total number of intervals *
For an exponential distribution, In R^(x) has a linear
relationship with x.
A second property of the Poisson process is that the 
probability of occurrence of an event is not altered 
previous events, there being no correlation between the 
duration either of successive intervals, or of intervals 
separated by any nominated number of events. The only 
data relevant to this property in relation to spontaneous 
transmitter release is that of Burnstock and Holman (1962).
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They report that there was no apparent correlation between 
adjacent intervals, as assessed by plotting the intervals 
between successive miniature potentials as a function of 
the preceeding interval. Standard serial correlation 
coefficients have therefore been computed for adjacent 
intervals, and also for intervals separated by j 
intervening events (intervals of ’lag j’), for j=1,.,.l00.
Another characteristic of the Poisson process is 
that the variance, V , of the number of events occurring 
in observation periods of time t, is equal to the mean 
number, N , of events occurring in time t. A linear 
relation with gradient 1, is expected for a plot of V L
as a function of N^_ , as t is varied. The transmitter 
release data reported by Cox and Lewis was found to 
deviate from this relationship, although the deviation 
was not significant at the 5 per cent level. The 
present data has been analysed by plotting in the 
above manner, to assess the true presence or absence of 
such a deviation.
The intensity function (or 'renewal density') 
specifies the probability of encountering any event, as 
a function of time after a given event (Perkel, Gerstein 
and Moore, 1967). For a Poisson process, this function 
has the constant value l/E(x), where E(x) is the mean
In Rn(x)
secs 0 3
X
simulating a Poisson process. A. The log-survivor function. 
Abscissa: x, the interval length, in seconds. Ordinate:
In Rn(x), the natural logarithm of the proportion of the 
total population of intervals between events which are 
greater than x. The inset shows in greater detail the area 
bounded by the dashed lines in the main graph. B. The serial 
correlation coefficients estimating the correlation in the 
duration of intervals separated by any fixed number of 
intervening events. Abscissa: j, the number of events 
between intervals being considered. Ordinate: p^, the 
serial correlation coefficients. The horizontal dashed
lines show the values expected for individual estimates 
showing a correlation significant at the 5 per cent level.
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time between events. This function was computed for 
the present data, as it would be expected to detect 
deviations from Poisson transmitter release of the type 
suggested by Burnstock and Holman (1962) (cf Results; and 
Perkel, Gerstein and Moore, 1967) or Martin and Pilar 
(1964) (see Results).
For a Poisson process, where
T
(t^ = time of occurrence of i event,
T = time of occurrence of last event)
and Wi x' (l) X « (2 )— — L +  — — ^ — L + . + X ' + (n+2-i) -'-hi  ,
(i = 1 , ..., n; n = total number of
events observed; and x'(i) = intervals 
arranged in increasing magnitude), 
and have the same distributional properties.
The distributions of and have been compared in the 
present investigation, using the Kolmorogov-Smirnov, 
and Anderson-Darling statistics (Cox and Lewis, 1966(iii)) 
to estimate significance levels of observed differences 
in distribution.
Estimates of the interval spectral density function; 
of the serial covariance and correlation coefficients of 
various lags for counts in observation periods of various 
length; and the spectrum of the counting process (Cox and
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Fig. 46. Analysis of a computer-generated series of data 
simulating a Poisson process. A. The variance-to-mean 
curve. The variance, , of the number of events observed 
in intervals of any particular duration (ordinate), is 
plotted as a function of the mean number of events, ,
observed in intervals of that particular duration (abscissa). 
The dashed line shows the expected relationship for a 
Poisson process. B. The intensity function, m^(t). The 
graph shows estimates of m^(t) X n (ordinate), where n is 
the number of intervals in the series of data, plotted as a 
function of t, the time in seconds after an event (abscissa). 
The dotted lines show 5$ significance limits, for individual 
estimates, for a Poisson process.
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Lewis, 1966(ii)) were also computed for all data.
However these tests yielded no results of interest beyond 
the tests already described, and are not further 
considered.
RESULTS
Analyses on computer-generated data series.
Figures 45 and 46 show the analysis of a ’Poisson’ 
process, obtained by taking the logarithms, multiplied 
by -1, of a series of random numbers, of uniform 
distribution between 0 and 1, generated by an IBM36O 
computer. The computed series is a good simulation of 
a Poisson process, the various tests showing the expected 
results; the interval distribution is closely exponential 
(Figure 45A); there is no significant correlation between 
intervals (Figure 45B), an occasional correlation 
reaching 5$ significance levels being expected in a 
series of 50 coefficients; the variance-to-mean curve 
follows closely that expected for a Poisson process 
(Figure 46A); and the intensity function is generally 
well within the 5$> significance limits (Figure 46b ).
The distributions of the values of Y. and ¥. (see 
Introduction) were not significantly different.
0
In Rn(x)
Figure 47* Analysis of a computer-generated series of data 
simulating the pooled output of 100 transmitter release sites, 
each releasing transmitter at moderately uniform intervals.
For details, see text. A. The log-survivor function.
B. The serial correlation coefficients. £A. The intensity 
function. For each graph, the axes, and horizontal dashed 
lines are as for the corresponding functions plotted in 
Figures 45 and 46.
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Analyses were also performed on computer-generated 
series which had deviations from Poisson of the various 
forms described in the Introduction. This was done to 
illustrate the results expected for such deviations, 
and confirm the interpretations of any observed 
deviations in the spontaneous transmitter release 
process; and also to assess the sensitivity of the 
analyses performed in detecting small deviations from 
a Poisson process.
Figure ^7 shows the analysis of one such artificial
series, simulating the possibility raised by Fatt and
Katz (1952) that observed spontaneous transmitter
release represents the pooled output of a finite number
of more or less regularly active sites; in the example
analysed, the randomly pooled output of 100 release
sites, each releasing quanta at random, but at fairly
uniform intervals (truncated normal distribution with
5mean interval length 1 x 10 m Sec; standard deviation,
1 x 104 rn Sec) was simulated. A second series was also 
analysed, simulating the ’queuing’ suggested by Vere-Jones 
(1966). This series also represented the pooled output 
of 100 release sites, but the release from each site 
(mean interval I x 10  ^m Sec) occurred in the manner of 
a Poisson process, except that there was a ’dead-time'
Figure 48. The variance-to-mean curves Tor computer­
generated data series simulating the pooled output of 10,
30 and 100 transmitter release sites. For details, see text. 
The axes and dashed line are as for Figure 46a .
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of” 3 x 10 rn Sec after each release, during which no 
release could occur from that site, Both series of 
data have an essential, similarity in that they represent 
the pooling of a finite number of subprocesses which 
are more ordered than Poisson, and accordingly gave 
similar qualitative results on analysis. For both 
series, the interval distribution was close to 
exponential (Figure 47 A ), there was no evidence of serial 
correlation (Figure 47B), and the intensity function 
(Figure kjC) was that of a Poisson process. However 
the pooling was detected, as expected (Cox and Lewis,
1966(iv)1 Vere-Jones 1966 ) , by the variance-to-mean 
curve (Figure 48), the variance of counts observed in 
longer intervals being less than that of a Poisson 
process. The magnitude of this deviation decreased as 
the number of component sites increased. This effect, 
intuitively apparent, could be simply confirmed by 
calculating variance-to-mean curves for similar 
artificial series, generated from various numbers of 
component sites. Two such curves, one obtained from 
the pooled output of 10 sites, and the other from 30 
sites, are also shown in Figure 48.
The 'clustering* of miniature potentials observed 
by Burnstock and Holman (1962) was not closely defined,
AFigure ky. The influence of ’clustering' (unbroken lines) 
and ’drag* (dotted lines) effects on the log-survivor 
function. For details, see text. The axes are as for 
Figure k^A.
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and many interpretations are possible. Data series
simulating various possibilities were devised and
analysed. Figures 49 and 50 (unbroken lines) show the
analysis of one such series, in which clusters of events
occurred (mean rate l/sec) in the manner of a Poisson
process; each ’cluster’ consisted of an event, with a
50$ probability of a second event 25 m Sec later, and
similarly a 50$ probability of an event 25 m Sec later
still. The overall process thus comprised groups of
1, 2 or 3 events occurring at approximately Poisson
intervals. Clustering processes are similar in
general type to the ’drag’ effect postulated by Martin
and Pilar (1964), as such an effect implies an
immediate, but transiently increased probability,
after an event that a second event will occur. Figures
49 and 50 (dotted lines) show the analysis of a
computer generated ’Poisson’ process modification that,
after each event, there was an exponentially decaying
increased probability of another event; in this
particular case, the extra probability was 0.1 for a
further event in the first millisecond after any event,
p0.1 x 0.625 for the second millisecond, 0.1 x 0.625 for 
the third, and so on. The results were similar for the 
cluster series shown in Figures 49 and 50 (and for the
— VA— Vf—
Figure 50* The influence of 'clustering' (unbroken lines) 
and 'drag' (dotted lines) effects on the intensity function 
(A and B ) , and the variance-to-mean curve (c). For details, 
see text. For each graph, the axes and dashed lines are 
as for the appropriate functions in Figure 46.
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other cluster possibilities analysed), and for a 'drag' 
effect, each being characterised by an excessive number 
of short intervals (Figure 49), high early values in the 
intensity function (Figures 50A and B), and an increase 
in the variance-to-mean curve for short examining 
intervals (Figure 50C). The variance-to-mean curve 
at higher abscissal values was always above the 
expected Poisson range with series simulating only a 
drag effect; it was usually above the expected range 
with the various clustering possibilities, as in 
Figure 50C, but with some cluster models, could pass 
below the range expected for a Poisson process, as 
N ^ increased. In considering the sensitivity of the 
tests, it was found that for series of 500 - 1000 events, 
consistently high initial values in the intensity function 
occurred on analysis of data simulating a 'drag* effect, 
even when the added probability of an event in the 
first millisecond after any event was as little as 0.02.
The effects of trends in m.e.p.p. frequency.
Small, slow and often irregular fluctuations were 
frequently observed in spontaneous transmitter release 
rates, occurring over several minutes. Analysis of the 
data from junctions with these fluctuations showed 
interval distribution, intensity function, and similarity
Amins 15
Figure 51* The effect on the variance-to-mean curve of 
fluctuations in the spontaneous transmitter release rate.
The unbroken lines show data recorded from a single junction. 
The dotted lines show computer generated data simulating a 
Poisson process with a sinusoidal rate parameter. A. Mean 
rate of occurrence of events, averaged over successive one 
minute intervals. Abscissa; time, in nins. Ordinate: no. 
of events/sec. B. The variance-to-mean curve. The axes 
and dashed line are as for Figure 46a .
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in distribution of the values of Y. and W. were consistentl l
with a Poisson process. However, as expected, the 
fluctuations sometimes resulted in minor long-term 
positive correlations between intervals separated such 
that they occurred at regions of similar frequency in the 
observed process, with corresponding intervening negative 
correlations. The fluctuations also added to the 
variance of counts in any given interval, so that the 
variance-to~mean curve was above the range expected 
for a stationary Poisson process. Similar results were 
obtained from analysis of computer generated Poisson 
processes showing similar fluctuations. An example of 
this effect is shown in Figure 51* Figure 51A shows 
fluctuations in m.e.p.p. frequency, determined over 1 
minute intervals, from one junction, and also fluctuations 
in frequency in a computed Poisson series with a 
sinusoidal rate parameter. Analysis of each set of 
data produced the results described. The variance-to- 
mean curve for each series is plotted in Figure 51B.
These effects were avoided in the present investigation 
by checking all data for trends before submitting it to 
detailed analysis. This was done by plotting for each 
junction, the cumulative number of events observed up to 
time t, as a function of t. Any data deviating clearly
In Rn(x)
»ec I 6•
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Figure 52. Analysis of data recorded from a single 
neuromuscular junction exposed to the normal bathing solution. 
A. The log-survivor function. B. The serial correlation 
coefficients. C. The intensity function. For each graph, 
the axes and dashed lines are as for the corresponding 
functions in Figures 45 and 46.
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from the overall linear relationship expected for a 
stationary process was rejected.
Analysis of data recorded from preparations in normal 
bathing solutions.
Sets of interval data, free from distinct trends, 
were obtained from 8 cells in normal bathing solutions.
An average of over 500 m.e.p.p.s were recorded from 
each cell. Figure 52 shows the results of an analysis 
of the data from one of these cells.
As found for the other seven cells , the log-survivor 
curve (Figure 52A) was closely linear, indicating an 
exponential interval distribution. In particular, there 
was no evidence of an excessive number of short intervals, 
as would have been expected if there were 'drag* or 
clustering effects, even although in three of the cells, 
the m.e.p.p.s were recorded extracellularly, allowing 
better detection of intervals of less than 2mS.
The serial correlation coefficients for various 
lags generally did not reach the 5^ significance levels 
for individual values (Figure 52B); the few coefficients 
that did reach the 5$> level would be expected in a 
population of 50 estimates. Similar results were obtained 
for the other 7 cells. Close comparison of the 
correlograms for the 8 cells showed there was no tendency
Nt
Figure 53* The variance-to-mean curves calculated from 
data recorded from 8 junctions in preparations exposed to 
the normal bathing solution. The axes and dashed line are 
as for Figure 46A.
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for any particular coefficient to be consistently 
positive (or negative). Results for data recorded 
intracellularly did not differ from those recorded 
extracellularly.
The intensity function was of the form expected 
for a Poisson process, both for the cell illustrated 
(Figure 52C), and for the remaining cells. When 
particular attention was paid to the detection of short 
term drag or clustering effects by using a small grouping 
factor (cf. Cox & Lewis, 1966(ii)), there was still no 
evidence of a deviation from Poisson, either with 
intra- or extra-cellularly recorded data, even although 
with this function, small drag effects could be detected 
in artificial data series (see above).
For all 8 cells, the Kolmorogov-Smirnov and Anderson- 
Darling statistics were outside the 5% significance levels, 
indicating that as expected for a Poisson process, there 
was no significant difference in the distribution of the 
values of Y. and W . .l l
However when the 'variance-to-mean1 curve was 
plotted, a clear deviation from Poisson was apparent.
In 7 of the 8 cells studied, as the examining interval 
duration, and hence mean number of counts, N^ _, (Figure 
53 , abscissa) was increased, the variance of the
observed counts, V , (Figure 53> ordinate) did not 
continue to increase in the linear manner expected for 
a Poisson process.
Estimation of the significance of this deviation 
is difficult. While for any particular point on the 
curve the significance of an observed deviation may 
be assessed readily (Cox & Lewis, 1966(ii)), there is 
no test which assesses satisfactorily the fact that a 
series of points on the curve deviations from the 
expected values in a common manner. The design of 
such a test is difficult because of the non-independence 
of successive points. Cox and Lewis were unable to 
establish that a deviation of this type, observed in 
data recorded from the frog neuromuscular junction, 
was significant. However in the present investigation, 
not only was the deviation in the variance-to-mean 
curve found with data from seven of the eight cells 
bathed in normal solution, but also in every one of 
eleven cells exposed to altered bathing conditions 
(see below). With this more extensive data, the 
reality of the deviation is evident. For example, at 
= 50, the mean deviation from the expected Poisson 
value of the variance-to-mean curve for all cells 
studied was significant at the V)o level, using the
formula of Cox and Lewis (1966 (ii)) to calculate 
significance levels for the observed deviations.
As shown by the analysis of computer-generated 
data (Figure 48), this type of deviation is compatible 
with the suggestion (Fatt and Katz, 1952; Cox and Lewis, 
1966 (iv); Vere-Jones, 1966) that observed transmitter 
release may be the pooled output of a finite number of 
transmitter release sites, each of which release quanta 
in a manner more ordered than Poisson. In further 
considering this hypothesis, a reasonable assumption is 
that the output of the individual release sites is a 
renewal process, with a gamma distribution of intervals 
between successive quanta release from that site. Such 
a process could well describe the output of the sites, 
either if it were regular, or highly irregular. On 
such an assumption, an estimate of the number of sites 
contributing to the observed process may be made. If, 
for the time series under observation, the variance of 
counts observed in a particular time is plotted as a 
function of time (the 1 variance-time curve*), and a+bt 
is the asymptotic form of this curve, it can be shown 
that if the observed series represents the pooled output 
of M renewal processes whose intervals have a gamma
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distribution, then
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M = 6a/(l-X2b2 ) ... 4.1
where X is the mean interval between events in the 
observed time series (Cox and Lewis, 1966(iv)). From 
equation 4.1 it can be shown that if the variance of 
counts in any particular examining interval is plotted 
as a function of the mean counts , N^ _ , of events within 
that interval, and the observed series is a stationary 
process ,
M = 6a1/(l-b12 ) ... 4.2
where a^+b-^N^ is the asymptotic form of the variance-to- 
mean curve.
Rough estimates of a^ + b^N were made from the data 
of Figure 53» and used to calculate M. Values of M 
ranging from 50 to 400 were obtained. The mean and 
standard error of the values were 200 and 100 
respectively. However, for the following reasons, the 
procedure is unsatisfactory, and the value of M obtained 
is only very approximate. Firstly, the variance-to-mean 
curve can be calculated only to a limited abscissal 
maximum determined by the number of m.e.p.p.s in the 
particular series being analysed; in this present 
investigation, variance was not calculated for values of 
beyond 20^ of the total number of m.e.p.p.s in the 
data (cf. Lewis and Kelly, 19^5)• Thus the upper part
of the curves studied may not be at all representative 
of the asymptotic form of the curve as N^_ trends to 
infinity. Secondly, estimates of contain successively 
fewer samples, and accordingly become less reliable, as 
N^_ is increased; yet it is from this latter part of the 
curve that an estimate of the asymptotic form is sought. 
Thirdly, unless the component sites are active with equal 
frequencies, the data from a limited observation period 
will be biased, in that the data may represent 
predominantly the output of the more rapidly active 
sites in the population, hence leading to an 
underestimate of M. It is apparent that the more diverse 
is the range of frequencies of individual sites, the 
greater will be this underestimate of M.
Analysis of release from nerve terminals depolarised by 
currents or raised bathing [k ].
In view of the marked effects of nerve terminal 
depolarisation on spontaneous transmitter release rates, 
it was decided to analyse the statistical properties 
of the release of quanta from depolarised nerve terminals.
In one series of experiments, interval data was 
obtained by extracellular recording of m.e.p.p.s from 
nerve terminals depolarised by the passage of a local 
current (see Methods). It was found that even with the
Figure 5^* The effect of nerve terminal depolarisation on
the variance-to-mean curve. The variance-to-mean curves
for data from 3 junctions where m.e.p.p. frequency had been
accelerated approximately 10-fold by passage of a focal
depolarising current. B. The variance-to-mean curve for
data from 5 junctions where m.e.p.p. frequency had been
accelerated approximately 12-fold by raising the [k ] of
_2the bathing solution to 1.5 X 10 M. For both graphs, 
the axes and dashed lines are as for Figure 46a.
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small currents sufficing to increase transmitter 
release rates with the method used, it was difficult 
to obtain records of several hundred miniature potentials 
which were free from trends in frequency. Often there 
was a small slow increase in frequency with the continued 
passage of current. Series of approximately 400 to 500 
m.e.p.p.s, reasonably free from trends in frequency, 
were recorded from each of three cells in which frequency 
had been increased approximately ten-fold by a 
depolarising current. On analysis of this data, no 
deviation from the results expected for a Poisson process 
was found, either in interval distributions, serial 
correlation, intensity function, or in comparative 
distributions of the values of Y. and W.. The mostl l
striking difference introduced by current-induced 
depolarisation was that the deviation of the variance- 
to-mean curve from that expected for a Poisson process 
was eliminated (Figure 54a ) . Such an effect would 
result if the action of depolarisation was to increase 
M, the number of transmitter-releasing sites contributing 
to the overall process observed (cf. Figure 48). 
Alternatively, small trends in the data, associated 
with the depolarising current, could explain the effect 
(cf. Figure 51)•
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A second series of experiments was performed, in 
which interval data was recorded from nerve terminals 
depolarised by equilibration for 2 hours with a bathing 
solution containing 15 mM [k ]. Once more, all tests 
except the variance-to-mean curve were within normal 
limits for a Poisson process. However for all 5 cells 
studied, the variance-to-mean curve was clearly below 
the range expected for a Poisson process (Figure 5^B), 
in contrast to the data obtained with current induced 
depolarisation. This results suggest the most likely 
explanation of the modification by current of the 
variance-to-mean curve is that it was due to frequency 
trends in the data, rather than to a specific effect of 
depolarisation in increasing M. Using equation 4.2 to 
calculate M for the data of Figure 54b , a mean estimate 
of 150 was obtained. This value is not significantly 
different from the estimates of M for data recorded in 
normal bathing solutions.
The inadequacies of this method of estimating M 
have already been mentioned. An alternative method by 
which any depolarisation-induced changes in M might 
be detected was suggested by the results of Figure 48. 
It can be seen that at N^ _ values of 30-50 on the 
variance-to-mean curve, increasing the number of
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release sites, while retaining the other parameters 
constant, produces a clear increase in V for a given 
particular value of . The data of Figures 53 and 5hB 
were compared. For = 50 (for example), the values of 
V in normal solutions were between 50$> and 100% of the
T/
values for a Poisson process. In solutions with a raised 
[k ] there was no suggestion of the increase in V expected 
if the raised [k ] acted by increasing the number of 
release sites. Indeed, raised [k ] reduced V^, for a 
fixed value of N^ _, although not to any significant extent, 
the range for = 50 extending from kO% to 100% of the 
Poisson value. Considering that the spontaneous release 
rates were accelerated approximately 12-fold by this 
raised [k ], the absence of any clear increase in the 
value of suggests that depolarisation accelerated 
release by increasing the rate of activity of the 
individual sites, rather than by increasing the number of 
sites effectively contributing to the observed release.
Analysis of data from nerve terminals exposed to raised 
bathing \Ca].
Analyses were made of data recorded intracellularly, 
or extracellularly, at nerve terminals of preparations 
which had equilibrated for two hours with bathing solutions
120
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Figure 55» The variance-to-mean curves for data recorded 
from 6 junctions in preparations exposed to a bathing 
solution with a [Ca] of 8 X 10  ^M. The axes and dashed 
lines are as for Figure 46a .
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-1 -1containing 8 X 10 M Ca, instead of the usual 2 X 10
M Ca. Such an increase in [Ca] increases both 
spontaneous transmitter release rates, and evoked 
transmitter release, by a factor of about 2 to 3 (Section 2). 
It was of interest to determine whether this effect of Ca 
was apparent in the variance-to-mean curve as an increase 
in M, the number of the hypothetical transmitter release 
sites; or whether M was unchanged, suggesting (within the 
very limited accuracy of such an estimate) that the action 
of Ca, like raised [k ], was rather to increase the rate 
at which the individual sites released quanta. Six cells 
were studied. There was no evidence, with any of the data, 
of drag or clustering effects accentuated by raised 
bathing [Ca], the interval distribution, correlogram, 
intensity function, and comparative distribution of the 
values of Y. and ¥. were within normal limits for a Poissonl i
process. For all 6 cells, the variance-to-mean curve 
(Figure 35) deviated in the general manner found with data 
from normal bathing solutions. As Figure 35 shows, this 
deviation appeared more marked than in normal bathing 
solutions, the general range of Y , at N =30, being 30X X
to 63$> of the Poisson value. This range, lower than that 
for normal solutions, makes it unlikely that elevating the 
[Ca] increased the number of the proposed transmitter
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release sites. On the contrary, the data suggests that Ca 
reduced the number of units contributing to the overall 
release. Such an effect could occur if Ca accelerated 
most markedly the sites of initially high activity. 
Alternatively, the more marked deviation from Poisson 
could be explained if on increasing the release rates 
the output at individual sites became more regular, as 
could result from the queuing system possibility which has 
been raised by Vere-Jones (l966). However the difference 
in the deviation observed in normal and high [Ca] solutions 
is not significant even at a 10^ level, and is probably 
best regarded as simple random variation, rather than 
any specific Ca-related phenomenon.
Analysis of the statistical properties of the_intervals
between m.e.p.p.s of similar amplitude.
The clustering of miniature potentials reported by 
Burnstock and Holman (1962) was an effect observed for 
potentials of similar amplitude. To assess data for 
this effect at a cholinergic synapse, the amplitudes of, 
and intervals between, series of 400 to 800 m.e.p.p.s at 
each of several nerve terminals were recorded. M.e.p.p.s 
were then divided into several amplitude categories such 
that each category contained approximately 100 m.e.p.p.s 
Analyses were then made on the intervals between m.e.p.p.s 
within a common amplitude group.
In Rn(x) In Rn(x)
Figure 5 6 . Analysis of data on the intervals between 
m.e.p.p.s of a common amplitude category. Figures A, C 
and E show analyses of data on the intervals between 
m.e.p.p.s with an amplitude 80 to 100 per cent of the 
overall mean m.e.p.p. amplitude. Figures B, D and F show 
analyses of data on the intervals between m.e.p.p.s with 
an amplitude 100-112 per cent of the overall mean m.e.p.p. 
amplitude. A, B. Log-survivor functions. C, D. Serial 
correlation coefficients. E, F. Intensity functions.
For each graph, the axes and dashed lines are as for the 
appropriate functions in Figures 45 and 46.
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These analyses were of interest for a second reason.
If a considerable part of the variance observed in m.e.p.p. 
amplitudes was due not to variance in the actual size of 
the transmitter quanta released at a particular site, 
but rather to varying distances from the recording electrode, 
and to varying mean size of quanta released at different 
sites, selection of m.e.p.p.s on the basis of amplitude 
might be expected to select mainly the output of a limited 
number of the total population of release sites. Such an 
effect would possibly be detected as an increased 
deviation in the variance-1o-mean curve, due to the 
decreased number of sites which would be pooled in the 
data analysed. Because of the compact nature of the rat 
neuromuscular junction (Cole, 1937)» and the relatively 
large length constant for intracellularly recorded 
potentials such an effect would be likely only with 
extracellularly recorded data, the much shorter length 
constants with this form of recording offering greater 
selection of m.e.p.p.s on the basis of origin (del Castillo 
& Katz, 1936a).
Figure 36 shows part of the analysis of one such 
series of 732 extracellularly recorded m.e.p.p.s. The 
data was divided into 8 groups, each group containing 
just under 100 intervals, between m.e.p.p.s of a
30 G
Figure 57« Variance-to-mean curves for data between 
m.e.p.p.s recorded at a single junction, whose amplitudes 
fell in one of a total of 8 amplitude categories. For 
details, see text. The axes and dashed line are as for 
Figure 46a .
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particular amplitude category. The log-survivor function 
and the intensity function would be most likely to detect 
any drag or clustering effects in the amplitude-selected 
data (cf. Figures 49 and 50). These functions, and the 
first 8 serial correlation coefficients, are shown for two 
representative groups in Figures 56A to F. One group 
(Figures A, C, E) contained m.e.p.p.s 80 to 100$> of the 
modal amplitude, and the other group (Figures B, D, F) was 
of m.e.p.p.s 100 and 112$> of the modal amplitude. Neither 
these results, nor those from the other groups, and from 
other junctions examined in this manner, showed any 
evidence of drag or clustering effects. There is, of 
course, considerably more scatter in the results, due to 
the smaller numbers of events in each individual group. 
Figure 57 shows the variance-to-mean curves for each of the 
8 groups of data. As found for data that was not 
amplitude-selected, there was no real deviation from the 
values expected for a Poisson process for values up to 
20-25 although the individual results show the expected 
scatter. Similar results were obtained with data from the 
other junctions studied. There was no evidence of any 
reduction in the number of sites pooled in the data 
analysed, thus suggesting that extracellularly recorded
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m.e.p.p.s of a particular amplitude do not in any way 
select the output of different, discrete release sites.
Distribution of m.e.p.p. amplitudes.
The postulated ’drag* effect in the transmitter release 
mechanism (Martin and Pilar, 1964) is based on the non­
normal distribution of the amplitudes of miniature 
potentials recorded at the chick ciliary ganglion, the 
excessive numbers of potentials of large amplitude being 
considered to represent the discharge of two (or more) 
quanta, due to a tendency of one quantum to ’drag* another 
with it as it is released.
Histograms of the amplitudes of intracellularly 
recorded m.e.p.p.s were constructed for each of 14 endplates, 
an average of over 600 m.e.p.p.s being recorded from each 
endplate. Considerable variation in the form of the 
histograms was observed, some having a generally normal 
distribution, others being skewed with a long tail to the 
right, as observed by Martin and Pilar. However still 
others showed a skewness with the longer tail to the 
left, indicating on the analysis of Martin and Pilar a 
strong drag effect such that possibly the majority of 
potentials recorded represented the discharge or more than 
once quantum. If such a drag effect is indeed the
“o 0.2
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Figure 58. Histograms of m.e.p.p. amplitudes (open circles, 
dashed lines) and synaptic vesicle volumes (open squares, 
unbroken lines). For computation of the histograms, see 
text. For convenience in plotting, several m.e.p.p.s with 
amplitudes 5 to 10 times the modal amplitude have not been 
shown. Abscissa: m.e.p.p. amplitude, or synaptic vesicle 
volume, expressed as a multiple of the modal amplitude 
or volume. Ordinate: the proportion of the total m.e.p.p.
or synaptic vesicle population with the amplitude or 
volume plotted.
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explanation of the observed skewness in m.e.p.p. amplitude 
histograms, it must be of very short duration, for even 
interval data recorded from nerve terminals with markedly 
skewed m.e.p.p. amplitude distributions failed to show 
any evidence of a drag effect with the tests applied.
Liley (1957) has also considered a drag effect as a 
possible explanation of his observation that there appeared 
to be rather separate populations of spontaneous potentials 
whose amplitudes were approximate multiples of the modal 
amplitude of the spontaneous potentials recorded from 
the rat diaphragm-phrenic nerve preparation. In the 
present data, most histograms included several potentials 
considerably larger than the general population. However 
no tendency was apparent for these potentials to be a 
simple multiple of the modal amplitude, either in the 
individual histograms, or in an overall histogram 
(Figure 58 dashed lines) representing all of the m.e.p.p. 
amplitude data. In this Figure the amplitude data from 
the individual endplates was combined by expressing all 
m.e.p.p. amplitudes as a percentage of the modal amplitude 
for the endplate from which they were recorded. For 
convenience in plotting, several large m.e.p.p.s between 
5 and 10 times the modal amplitude have not been shown in 
Figure 5 8 .
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An alternative explanation to a drag effect to 
account for the larger spontaneous potentials is that 
they may result from discharge of individual large quanta 
(Liley, 1957)» these large quanta possibly being formed 
by fusion of two or more synaptic vesicles. As it is 
likely that synaptic vesicles do indeed represent the 
transmitter quanta, and that their volume is to some 
extent determined by their transmitter content (Section l), 
it was of interest to compare the distribution of the 
volumes of synaptic vesicles with the m.e.p.p. amplitude 
distribution (Figure 58), although it is not intended to 
imply any simple and direct relationship between synaptic 
vesicle volume and m.e.p.p. amplitude by making such a 
comparison. The overall histogram of synaptic vesicle 
volumes was constructed from the vesicle volume data for 
individual endplates reported in Section 1, data on the 
volume of over 8000 synaptic vesicles being pooled into 
one overall histogram in the manner used to pool the 
m.e,p.p. amplitude data. The resulting histogram is 
shown in Figure 58 (unbroken lines). As for m.e.p.p. 
amplitudes, there is a long 'tail’ of vesicles several 
times greater than the modal volume, which could well 
explain the large spontaneous potentials occasionally 
observed, particularly as the relationship between
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synaptic vesicle volume and m.e.p.p. amplitude is 
unlikely to be linear. No tendency is apparent for 
these large vesicles to be grouped at simple multiples 
of the modal volume.
DISCUSSION
The foregoing results confirm the general 
approximation of spontaneous transmitter release at the 
phrenic nerve-diaphragm synapse to a Poisson process.
In particular, no evidence was found in this preparation 
of short term interactions between m.e.p.p.s, such as 
the clustering on m.e.p.p.s of a common amplitude.
With the absence of a detectable drag effect extending 
even to intervals as short as 1 to 2 inSec, there seems 
to be little reason to attribute such a drag effect to 
the properties of the transmitter release mechanism.
The ’tail’ of large vesicles in the histogram of synaptic 
vesicle volumes would seem to offer a more plausible 
explanation of the occasional large spontaneous potentials 
observed in this preparation, particularly as there was 
no tendency for these large potentials to be the simple 
multiples of the modal m.e.p.p. amplitude expected for
a drag effect.
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However the spontaneous transmitter release does not 
simulate completely a Poisson process, as shown by the 
consistent deviation of the variance-to-mean curve for 
the experimental data from the form expected for a Poisson 
process. It has been shown (Cox & Vere-Jones, 1966) that 
such a deviation results if the observed series is the 
pooled output of a finite number of component transmitter 
release sites whose individual output is more ordered 
than Poisson. In this context, two factors require 
consideration, the first being the reasons why release 
from the individual sites could be more ordered than 
Poisson, the second being the existence of any morphological 
counterpart for the hypothetical sites.
The first factor has been studied to some extent by 
Vere-Jones (1966) in the context of synaptic vesicles 
approaching the nerve terminal membrane, at which there 
was a limited number of transmitter releasing sites. 
Regularities in the release process, assuming a finite, 
limited number of sites, resulted either if the approach 
of vesicles to the site was not completely random, or if 
there was a queuing effect at the site; for example, if 
once a vesicle attached to a release site, it took a 
significant time for the quantum to be released, during 
which time that particular site could not be occupied by
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a further vesicle. Other ways by which the release from 
the sites could be less random than Poisson can be 
readily imagined. For example, a more ordered output 
would occur if the release probability at the site was 
proportional to the concentration, at the site, of a 
substance which was depleted by release of a quantum, 
and then recovered gradually.
A morphological counterpart of the proposed release 
sites is suggested by electron micrographs showing 
vesicle accumulations, and presynaptic membrane densities, 
in the regions opposite the folds in the post­
junctional membrane at the synapse (Birks, Huxley &
Katz, i960; Hubbard & Kwanbunbumpen, 1968). This 
possibility would be supported if there was a 
correlation between estimates of the number of release 
sites determined by statistical analysis of transmitter 
release, and the number observed on electromicroscopy.
A very approximate estimate of the number of component 
sites obtained from analysis of the spontaneous 
transmitter release was 200, assuming they had equal 
activities. The true value could well be several 
times this number if the activities of the individual
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sites differed. Synaptic vesicle accumulations adjacent 
to the presynaptic membrane were observed at 
approximately l|j intervals in the electromicrographs 
studied in Section 1, Part 1; a similar figure is 
obtained from the electromicrographs of Birks et. al. 
(i960) and Hubbard and Kwanbunbumpen (1968). With 
microscopic sections 700 to 800X thick, and arbitrarily 
assuming effective synaptic contact over one tenth of the 
20(j. diameter area across which the nerve terminal 
processes radiate at the rat neuromuscular junction 
(Cole, 1957)» there would be 4.50 release sites per 
nerve terminal. The similarity of the estimates by 
each method thus provides some support for the above 
possibility. However, the estimates are clearly only 
very approximate, and further experiments will need to 
be devised before the association can be accepted
with any certainty.
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SUMMARY AND GENERAL DISCUSSION
With the foregoing investigations, some further 
progress has been made in defining the processes involved 
in transmitter storage and release at the neuromuscular 
junction. A model of transmitter storage and release 
based on some of the data presently available is shown 
in Figure 5 9 * Clearly, at the current state of 
knowledge, any such model is largely conjecture, and 
changes, possibly quite fundamental, will no doubt be 
necessary as further experimental results are obtained. 
Indeed it is the function and justification of a model 
that it facilitate formulation of experiments whose 
results may require modification or revision of the model. 
In the present context, the model also offers a convenient 
means of summarising and discussing some results and 
conclusions of the preceding Sections.
The model entails synaptic vesicles as quantized 
stores of the transmitter substance. The evidence for 
this is now quite strong, for the results of Section 1 
show a striking correlation between the effects of 
variation in nerve terminal ACh stores and release rates 
on quantal transmitter release as recorded electrically, 
and the effects of these procedures on the synaptic 
vesicles as examined electronmicroscopically. Further
of
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evidence of this relationship is that provided by the 
following: (i) there is a remarkably constant association
of quantal transmitter release and the presence of synaptic 
vesicles in the presynaptic nerve terminal at chemically 
transmitting synapses; (ii) upon degeneration or 
regeneration of nerve terminals, m.e.p.p.s and synaptic 
vesicles disappear or appear at about the same time 
(Liley, 1956c; Birks, Katz and Miledi, I960; Miledi,
I960); (iii) the evidence of de Robertis, Whittaker and 
other indicates that synaptic vesicles derived from 
brain homogenates are relatively rich in content of the 
transmitter substance, ACh; (iv) although estimates of 
the number of molecules of ACh per quantum range widely 
to values as high as 72,000 (Elmqvist and Quastel, 1965)» 
at least they are compatible with calculations of vesicle 
ACh content, which range from 6000 if the vesicle 
contains isotonic solutions of the ACh salt (Eccles,
1964), to 62,000 if the vesicle contains crystalline 
ACh (Canepa, 1964); (v) synaptic vesicles take up and
retain ferritin particles, indicating that at some 
time they communicate with the extracellular fluid 
(S. Page, quoted by Katz and Miledi, 1 9 6 5» Birks, 1966); 
(iv) finally there is the correlation between the 
unpublished observations quoted by Hubbard (1967) that
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there are 3 X 10 vesicles in nerve terminals of the rat 
diaphragm, and the results of Elmqvist and Quastel (1965) 
indicating that the preformed store of ACh in the nerve 
terminals of this preparation is equivalent to that of 
approximately 270,000 quanta. In the model, the large 
store of transmitter proposed by Elmqvist and Quastel 
(1965a), on the basis of the response of the nerve 
terminal to prolonged stimulation, and for which further 
evidence has been found in the present investigation 
(Section 4), has conveniently been attributed to this 
large general population of synaptic vesicles.
The process of transmitter mobilisation has a 
positive temperature coefficient, and appears largely 
unaffected by disturbances of metabolism produced by 
antimycin-A, sodium iodoacetate or glucose deprivation 
(Section 4). These results are compatible with the 
representation of mobilisation in the scheme as being 
simply the diffusion of synaptic vesicles towards the 
presynaptic membrane.
In Figure 59 the presynaptic membrane is depicted 
as having a limited finite number of discrete sites at 
which transmitter quanta may be released. The reason for 
this is twofold. The results of Section 5 show a long 
term deviation from randomness in the spontaneous release
5
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process, which is readily explained by making such an 
assumption. Secondly, there is electronmicroscopic 
evidence of a tendency for synaptic vesicles near the 
presynaptic membrane to accumulate as discrete sites 
along the membrane (Birks, Huxley and Katz, i960).
The release parameter *n 1 , generally regarded as an 
estimate of the readily available transmitter, has been 
taken in Figure 59 to represent the total population of 
synaptic vesicles attached to, or closely adjacent to, 
the proposed transmitter release sites. Of relevance at 
this point are the investigations suggesting that n is 
without significant effect on spontaneous transmitter 
release, namely the lack of any acceleration of m.e.p.p. 
frequency accompanying the slow recovery in n after 
prolonged nerve stimulation (Section l); and the absence 
of slow changes in m.e.p.p. frequency correlating with 
the gross, slowly developing increases in n produced by 
hyperpolarising currents (Section 3)» With the scheme 
of Figure 59 > this independence of spontaneous release 
from changes in the readily available transmitter can 
be explained by assuming that the limited number of 
transmitter release sites is effectively saturated over 
a wide range of values of n, the rate-limiting step 
being activation of the release site, rather than
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occupation of that site by a synaptic vesicle. The
effect of n on evoked release would then be explicable on
the much greater rates of evoked release, in which the
availability of vesicles adjacent to the membrane to
reoccupy sites emptied of their vesicles could become an
important factor. However, as n affects even the quantal
content of the first e.p.p. of a series, it is necessary
to assume that reoccupation of release sites is a factor
even within the response to a single nerve action
potential, i.e. that some of the individual release sites
release more than one quantum in response to a single
nerve impulse. The suggestion of a periodicity in the
release probability during the response to a nerve impulse,
bapparent in the results of Katz and Miledi (1965^), may 
be indicative of just such an effect. However, it is 
clear that considerable contrivance is necessary to 
explain the differing importance of n in spontaneous and 
evoked release while yet involving n as a substrate 
common to both forms of release, such as synaptic vesicles, 
or the X^_ of the kinetic scheme proposed in Section 2.
The analysis used to determine n does not indicate the 
nature of n beyond that it is a substrate necessary for 
evoked release and that is depleted by repeated nerve 
stimulation. There is no direct evidence that n does
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indeed represent a transmitter store. Unfortunately the 
results of the present investigations do not decide this 
issue. Raised potassium concentration, which at room 
temperature causes a small fall in synaptic vesicle 
numbers adjacent to the presynaptic membrane (Hubbard 
and Kwanbunbumpen, 1968) also caused a small fall in 
estimates of n, in two experiments performed at room 
temperature (Section 3)* However, although after 
prolonged nerve stimulation there was agreement between 
synaptic vesicles and n to the extent that both were 
increasing at similar times after stimulation, synaptic 
vesicle numbers were above control levels at a time when 
estimates of n were still below the control values.
Further investigation is needed to determine the relation 
of n to synaptic vesicles. In particular, it would be 
interesting to determine the effect on the number of 
synaptic vesicles adjacent to the synaptic cleft of 
fixation of a preparation during the passage of hyper- 
polarising currents. Such currents have marked effects 
on n (Figure 3l)•
The effects of Ca (and Mg) on transmitter release 
are presumably exerted only on p, the release probability, 
for spontaneous release is independent of n, while it has 
been shown directly that these ions affect p, but not n,
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in evoked release (Elmqvist and Quastel, 1965a).
Furthermore, the investigations on the time courses of Ca 
and Mg action (Section 2), and the investigations of 
Miledi and Slater (1966) and Katz and Miledi (1967a) in 
which only a very brief period is required for the effect 
of Ca applied iontophoretically close to the nerve 
terminal, indicate that the action of Ca is exerted at a 
superficial cell site, presumably associated with the 
cell membrane, as assumed in Figure 59»
In the investigation of Ca and Mg action on 
transmitter release (Section 2) it was demonstrated 
clearly that Ca is not an essential requirement for 
transmitter release, m.e.p.p.s being recorded at 
frequencies of about 0.66/sec. even at extremely low 
calcium concentrations. It was also found that the 
effects of Ca on both spontaneous and evoked transmitter 
release could be quantitatively explained on the assumption 
that Ca acted by combining with a receptor molecule which 
could bind up to three Ca molecules. All species of this 
Ca complex could contribute to spontaneous release, but 
the data suggested that the activity of the saturated 
receptor species had been markedly increased in producing 
the accelerated release rates responsible for the e.p.p. 
Recently Dodge and Rahamimoff (1967) have similarly
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concluded that, at the frog neuromuscular junction, evoked 
release is due to the activity of a receptor bearing 
several (4) Ca molecules.
There is no direct evidence that Ca action is due 
to its passage to the intracellular region of the nerve 
terminal. However it is known that entry of Ca into the 
intracellular region of the nerve terminal accompanies 
nerve stimulation (Hodgkin and Keynes, 1957)» Such an 
assumption also allows a conceptually simple explanation 
of the phenomenon of facilitation (Rahamimoff, 1968;
Katz and Miledi, 1968). It is therefore generally 
considered that an inward movement of Ca is likely to be 
an important step in evoked transmitter release (e.g.
Katz and Miledi, 1967a; Gage, 19^7; Hubbard, 1967). On 
this assumption, the action of the saturated Ca-receptor 
species would presumably be to effect the movement of Ca 
across the nerve terminal membrane, either by a 
configurational change, e.g. as suggested for certain 
transport systems (Vidaver, 1966; Stein, 1968), or by 
actual movement of the Ca-receptor species across the 
membrane, as implicated in various ’carrier’ membrane 
transport systems (Widdas, 1952; Park, Crofford and Kono, 
1968). The results of Section 4 show facilitation, 
similar to the action of Ca, to be an effect on p, the
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release probability. They also show facilitation to have 
a negative temperature coefficient, and that p also has 
a negative temperature coefficient over part of the 
temperature range investigated. These observations 
clearly support the current speculations and evidence 
that facilitation is due to the time taken for removal 
of Ca from its active site following the nerve action 
potential, that this effect may influence even the 
quantal release evoked by a single nerve stimulus, and 
that this removal of Ca is an active process (Rahamimoff, 
1968; Katz and Miledi, 1968). The recent demonstration 
by Mailart and Martin (1967, 19^8 ) that facilitation 
can be subdivided into two exponentially decaying 
processes, one decaying rapidly, the other more slowly, 
is of considerable interest. As noted in Section 4 ,
PTP can be explained by the combination of a fast and 
a slowly decaying process affecting p. Furthermore, PTP 
and facilitation both show a negative temperature 
coefficient. It would be an attractive simplification 
if PTP and facilitation could be attributed to common 
processes. However the slow phase of facilitation is 
suggested by Mailart and Martin to be due to an after­
hyperpolarisation of the nerve terminal, an effect which 
would result in an increase in n, rather than the increase
191
in p observed with PTP. In the model of Figure 59» an 
alternative explanation of the slow phase of facilitation 
and PTP is suggested. This is that the slow phase is 
due to the gradual extrusion, from the intracellular 
region, of Ca which had accumulated as a result of nerve 
stimulation, but whose activity in transmitter release 
is relatively small, due to predominant combination with 
intracellular Ca buffers (cf. the evidence of intra­
cellular Ca binding noted by Hodgkin and Keynes, 1957)* 
However such an explanation is highly speculative, and 
much more work, even in confirming that inward movement 
of Ca is an essential step in evoked transmitter release, 
is necessary before such explanations of facilitation 
and PTP can gain much credence.
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